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ABSTRACT
Vibrational studies, using IR and Raman techniques, of potassium 
oxalate in H20 and D20 established the oxalate ion symmetry to be 
or D2- D2 symmetry would require the accidental degeneracy of two 
v(C-O) vibrations necessarily degenerate under D^. Comparison of
ammonium oxalate, ammonium chloride and potassium oxalate aqueous
■ + solutions established that the 1460 IR band was due to the NH ion,
but the Raman scattering in this region was due to the oxalate ion. No
explanation could be found for the 1455 Raman band,
A choice between Cs or C^  symmetry of the acid oxalate ion in
solution could not be made as out-of-plane vibrations were not observed.
The symmetry of oxalic acid in H2O and D20 and some polar solvents was
shown to be lowered at least to Cg and possibly to C^ . MINDO/3
*
calculations supported non-planar configurations for the oxalate ion, 
acid oxalate ion and oxalic acid.
The solvent v(0H) Raman bands of aqueous solutions were shown to be
suitable for intensity calibration of potassium oxalate and potassium
hydrogen oxalate solutions. This calibration method and the scattering 
due to the v(C-C) of the hydrogen oxalate ion, enabled a spectroscopic 
estimation of the 1st dissociation of oxalic acid.
Comparison of nine oxalate powders enabled assignment of all the 
oxalate ion fundamental vibrations. Raman spectra of calcium oxalate 
and calcium oxalate monohydrate are presented for the first time. The 
space group Pbam is suggested for the anhydrous potassium oxalate. Hie 
IR and Raman spectra of four acid oxalates are compared with respect to
* Performed by Mr T Blair
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the strong, but subtly different, hydrogen bonding of these compounds. 
Single crystal Raman studies of potassium oxalate monohydrate, potassium 
hydrogen oxalate and sodium hydrogen oxalate monohydrate are presented 
for the first time. The potassium hydrogen oxalate and sodium hydrogen 
oxalate monohydrate results, spotlight the highly oriented effects 
associated with hydrogen bonding.
VOLUME 1
SOLUTION STUDIES AND OXALATE SOLID PHASE STUDIES
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General introduction
Interest in the vibrational spectroscopy and crystallography of 
oxalic acid and its various salts dates from the 1930's. In consequence 
the literature on these compounds is also a partial guide to spectro­
scopic and crystallographic technique developments. Whilst some of the 
very early work is surprisingly accurate, and well argued, much of it has 
been repeated over the years and amended. Some of the amendments can be 
attributed to better experimental techniques becoming available, notably 
large computers rendering three-dimensional structure analysis facile, but 
also to a better understanding of the physical and chemical nature of the 
compounds in the solid, dissolved and gaseous states. Even so, the 
literature shows some gaps still occur and different studies have 
sometimes come to conflicting conclusions.
The central theme of most studies has been concerned with the 
planarity, or lack of it, of oxalic acid and the oxalates. Modem X-ray 
and neutron diffraction structural analyses have established the structures 
of most of the crystalline compounds considered in this study. For the 
neutral oxalates a more complete IF. and Raman study will be presented 
than was previously available in the literature. Factor group analysis, 
dehydration and deuteration studies of nine compounds, as powders, can 
enable an assignment to be made for all the intramolecular fundamental 
vibrations and possible assignments are suggested for the intermolecular 
modes. A limited Raman study of a single crystal of potassium oxalate 
monohydrate is presented fox the first time. No previous accounts of the 
Raman spectrum of calcium oxalate monohydrate have been found in the 
literature. The IR and Raman spectra and the X-ray powder pattern of 
anhydrous potassium oxalate have enabled a space group to be suggested.
For all except ammonium oxalate monohydrate, the neutral oxalates studied
- 13 -
can be expected to have spectra showing the effects of lowering the 
isolated oxalate ion symmetry from ^ 2^  to Cb in the crystal environment.
The literature contains detailed studies of the IR and Raman spectra 
of powdered samples of sodium and lithium hydrogen oxalate monohydrates 
and potassium hydrogen oxalate. These studies have been repeated (but 
without sane of the isotopic substitution), and extended with the single 
crystal Raman studies of potassiron hydrogen oxalate and sodium hydrogen 
oxalate monohydrate.
Various conflicting reports exist of the symmetry of the oxalate 
ion in solution. Most workers now agree that the symmetry of the species 
in the crystalline state does not dictate its symmetry in solution. The 
IR and Raman spectra have been carefully re-examined. The literature 
does not contain a satisfactory assignment for oxalic acid in solution.
The spectra in water and other polar solvents have been examined to 
determine the symmetry in solution. Oxalic acid is known to be partially 
dissociated in aqueous solution. The literature does not contain any 
IR or Raman study of the dissociation, but it is possible to follow the 
dissociation in water, D20 and acidified solutions from the Raman spectrum 
and compare this with the results of other methods, No reports appear in 
the literature of a general study of tire IR and Raman spectra of the acid 
oxalate ion. The spectral studies of the species in solution and a 
theoretical MINDO/3 calculation of the energies of the species with 
different symmetries have been carried out.
S E C T I O N  I
SOLUTION SPECTRA
- 14 -
A. Hie oxalate ion in solution
A1. Introduction
Many studies have been done on the oxalate ion in solution. There 
are seven possible arrangements of the oxalate ion that may reasonably 
be expected to occur in solution: .
G
/
< /
Fig. a(I) 
Oxalate Ion
The ion is completely planar, all C--0 distances are the same 
and both O-C-O angles the same.
2. D7
/°The C-C^  groups are planar, but the two C02 groups are not in 
the same plane. If the dihedral angle is x, then 0° < x < 90°. 
All C-0 distances are equal and both O-C-O angles the same.
3. D„ -j2d ^
The C-C groups are planar and the dihedral angle is 90°. All 
0
C-0 distances are equal and both O-C-O angles are the same.
The ion is completely planar. Trans C-0 distances are the .>ame 
but cis are different. Both O-C-O angles are the same.
- 15 -
5. C2
The ion is non-planar. Trans C-0 distances are the same but cis 
are different. Both O-C-O angles are the same.
6. C. x
The CO, groups are in two parallel planes, i.e. a chair 
conformation. The trans C-0 lengths are the same but the cis 
are different. Both O-C-O angles are the same.
7* C2h
The C02 groups are in two parallel planes, and all C-0 distances 
are the same. Both O-C-O angles are the same.
Cases 4, 5 and 6 are unlikely to occur, as the usual structure of
Pthe carboxylate ion in solution is known to be -C> , where the C-0
0
bonds are equivalent. Cases of slight inequality are known in the 
crystalline s t a t e . i n  solid state oxalato complexes, C2 symmetry 
is known, but this is due to coordination of two cis oxygen atoms to a 
metal atom and it is not expected to occur in solution.
It is generally accepted that the oxalate ion is probably not planar 
in solution. The non-planar configuration has been assumed to be D^.
No calculations have been done to find how the energy changes with change 
of the dihedral angle. Normal coordinate calculations have been done for 
a D2h and a ion. These seem to support the literature assignments, 
but all of them contain some element that makes them unconvincing. All 
the oxalate ion fundamentals have not been observed and Fermi resonance 
may complicate the spectra.
, In this study an attempt has been made to identify all the oxalate 
ion fundamentals. The data have been analysed without assuming a 
particular ion symmetry. Raman depolarization ratios enable totally
- 16 -
symmetric vibrations to be easily recognised and distinguished from non- 
totally symmetric vibrations. For the oxalate ion, the assignment of the 
non-totally symmetric vibrations is not very obvious and the single 
crystal part of this study may help these assignments.
Aqueous solutions of potassium and ammonium oxalate have been
studied. Series of potassium oxalate solutions have been examined to see
if there is any systematic shift of Raman bands or change in depolarization
ratios that would indicate the concentration to be affecting the preferred
configuration of the oxalate ion in solution. Spectra have also been
obtained in D20 solution. Ammonium chloride solutions have been used to
+estimate the contribution of the NH4 ion to the spectra of ammonium 
oxalate.
Hie potassium oxalate series of spectra have been used to find out if 
the water bands in the OH stretching region are sufficiently unchanged in 
intensity to permit their use as an internal standard for the magnitudes 
of concentrations used in the studies of the oxalate ion, the acid 
oxalate ion and oxalic acid in solution.
A2. Literature Survey
A2.1 Gupta (1936-37)
The first paper on the Raman spectra of oxalates in solution and
f 31the structure of the oxalate ion was published by Gupta. v J The study 
was a continuation of work on pure formic acid, formates and their aqueous 
solutions. ^  Gupta found, similar changes to occur when he compared pure 
formic acid, formates and their aqueous solutions with oxalic acid, oxalic
- 17 -
acid solutions in water and methanol and aqueous solutions of potassium 
and ammonium oxalate.
Observed Raman bands in aqueous solution (1936}
Frequency (relative intensity)
Potassium oxalate Ammonium oxalate
Assignment
1600 ± 30 (3b) 1610 ± 30 (3b)
1485 (3) 1485 (2)
1460 (3) 1460 ' (2)
1306 (4 ) 1302 (3)
898 (4 ) 895 (3)
452 (2) 442 CD
294 (1)
175 (1)
Symmetric vibration of 
Hantzsch COOH group
)Doublet, possibly because 
)C-0 bonds in C02 are 
)different.
Asymmetric vibration of 
Hantzsch COOH group
Midi of the argument put forward by Gupta is probably only of 
historical interest in the light of more recent studies of the structure 
of acids and salts in the solid state and in solution. I believe that 
die lasting significance of this paper is that it brings out the ideas 
of changes occurring when solutions of oxalic acid are examined in 
different solvents and compares these solutions with solutions of salts of 
oxalic acid.
In his second paper, Gupta^ continued his study of oxalic acid 
and oxalates by considering aluminium and titanium oxalato complexes. He 
discussed the characterisation of the 'modes of oscillation' of.the 
oxalate ion, and identification of the Raman bands of oxalates was
- 18 -
attempted on the basis of the vibrations of the ethylene molecule, 
previously analysed by Sutherland and Dennison. ^  A D^ model was 
used for what Gupta considered to be the six more important modes of 
vibration of the ethylene molecule.
number
'Se'3 Normal vibrations SyiMetIy Assigned to observed
of ethylene** 7 7 oxalate band at:
\
I
\
A
\
Ag 450
II )— >— ■{ Ag 898
III ' A one of pair in
® 1470 region
/
IV xjL_---- / B t 1620l\
V ¥V ' y-----— v EL inactive in Raman"2u
VI------------>-*---- B- 1305lu
■fc After Sutherland and Dennison
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Gupta considered that mode VI could become active, as,for the 
oxalate ion in solution,
’’Free rotation of each of the groups (COO) about the axis C-C is 
permissible.”
However, he considered.mode V to remain inactive. If rotation occurs 
about the C-C bond, the oxalate ion will loose its centre of symmetry 
and both mode V and VI will be active in the Raman.
Gupta also discussed the spectra of the oxalato complexes by 
comparison with the spectra of the simple oxalates.
f71In 1937, Guptav J published a third paper on oxalates, which gave 
further consideration to rotation about the C-C bond by oxalates in 
solution.
Observed Raman bands in aqueous solution (1957)
Frequency (relative intensity
 i ;    —.—  As s ignment
Potassium oxalate Ammonium oxalate* Ammonium oxamate7
295 (1)
452 (2)
898 (2)
1305 (3)
1460**(4)
1300 (1)
1465**(2)
3175
3395
433 (1)
845 (1)
1085 (lb) 
1305 Q) 
1445**(4) 
1620 (2b)
1690 (2)
3175 
3395
Mode VI, 
see p.18
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•k Gupta has the footnote, "For a more complete data (lines in other 
regions), see Gupta . .."^^ (Gupta mentioned the 1620 band in the 
text, and it seems to be visible but unlabelled in his plate IX, so 
the region 1500-1800 cm-1 has not been given for potassium and 
ammonium oxalates in this table.)
'k'k . •Close doublets. NHa’OCCO'ONHi*
The discussion was based on the strong, sharp band observed at about 
1300 for oxalate solutions, in contrast with its absence from the spectrum 
of solid potassium oxalate and the band being "not recorded with any 
appreciable intensity" for solid ammonium oxalate. The 1300 band was 
illustrated as Guptas mode VI (see p. 18). Under symmetry it was 
expected to be inactive in the Raman, since there was no change in 
polarizability, however a considerable net change of polarizability was 
expected if axial rotation of the (COO) groups about the C-C occurred.
This could have been explained by free rotation or limited axial 
oscillation about the configuration. Gupta did not observe an increase 
in the relative intensity of the 1300 band when the spectrum was run at 
96°C, compared to 36°C, and substitution to give the oxamate caused a 
relative decrease in the Intensity of the 1300 band, so Gupta concluded 
that the explanation of free rotation was preferable.
The presence of a 1620 band in solution spectra, and the absence of
the 1720 band observed for solid samples, was discussed with reference to
the resonance of the two C-0 bonds of the COO group. A calculation of
the C-0 force constant, assuming that the C-0 bonds were equivalent, gave
7.7 x 105 dynes per cm. This was compared with the results of 
f8lKohlrauschr of 5 x 10s dynes per cm for a single C-0 bond and 10.9 x 305 
for a double bond, Gupta concluded,
"The force of linkage is thus undoubtedly a resonance force,
resonating between (C-0) and (C=0) values, but approaches the character
T9')of a single bond, as was suggested by Peyches'- 1 on empirical evidences. 
The very broad nature of the 1620 band (nearly 50 wavenumbers) indicates
that the force has not a very sharp value, but is varying within narrow
limits (7.4 - 8.0), as may be the case during resonance."
In the 1937 paper, Gupta did not discuss the ’close doublet’ 
observed at 1460. In his first paper'it was considered that the bond 
energy values of the two C-0 bonds in each (COO) were different and so 
might explain the doublet.
A2.2 Edsall (1957)
Eds all examined the Raman spectra of a large number of amino
acids and related compounds, including oxalic acid and a 25% aqueous 
potassium oxalate solution. The examination of such a large number of 
similar compounds enabled a ’group frequency’ type of study to be made 
on the effects of ionization on the carboxyl groups. This study, on 
molecules containing two or three carboxyl groups, extended an earlier
fillpaper on fatty acids and amino acids. ^ J
Hie bands below 600 cm x, at 456 and 317 for the oxalate ion, were
associated with deformations of the molecular framework, as they were 
essentially unaffected by ionization. The increase in intensity of the 
1311 band, i.e. rather than a shift in position, was associated with an 
ionized carboxyl group. The other observed bands were characterised by 
changes in position on ionization. Edsall did not see a band at about 
1640-1650 for all of his solutions, and so he stated that it "may arise 
largely from the water used as solvent".
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Observed Raman bands of potassium oxalate aqueous solution
Frequency 
(relative, intensity)
Depolarization 
ratio . Assignment
1647 (lb) *
1580 (lb) DP or nearly? asymmetric valence 
vibration of COO 
probably
1489 (7 ) P ) symmetric vibrations, ) characteristic of
1457 (4 ) P ) ionized COO
1311 (4 ) DP ionized COO
902 (6) P totally symmetric, moved 
by ionization
456 (3 ) deformation of molecular framework .
317 (2) . deformation of molecular framework
* This band "may arise largely from water used as solvent".
A2.3 Douville, Duval and Lecomte (1942)
Douvilld, Duval and Lecomte recorded the Raman spectra G f
potassium and ammonium oxalate for comparison with the IR spectra of
fifty solid samples of simple and complex oxalates. Their assignments
were made by comparison with that had been studied previously by 
fl31Sutherlandx 7 and by the help of calculated frequencies of oxalate ion. 
However, their assignments for the Raman spectra are not clear. The 
appearance of two bands in the Raman that should be IR active and 
Raman inactive under 02^ , they associated with the possibility of 
rotation of the C02 groups. These two bands, of B^ u symmetry, were
expected to be at about 1200-1300 and at about 750-800. These would 
presumably refer to the bands they observed at 897-900 and 1277-1275, 
but they also refer to an band at about 900 cm 1, so it is not 
possible to decide which of the two bands they assigned to their 
observations at 897-900. The other bands they observed are not 
sufficiently close to the positions calculated by the authors for a 
clear assignment to be deduced.
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Observed* Raman bands
Frequency (relative intensity)**
Potassium oxalate Ammonium oxalate
1588 (w) 1550 (mw)
1527 (w)
1443 (s ) 1435 (mw)
1427 (ms) 1410 (m)
1277 (m) 1275 (w)
897 (s ) 900 (w)
The Raman spectrum of potassium oxalate was recorded 
for an aqueous solution, but the state of the ammonium 
oxalate was not specified. However, from the peak 
positions, it is apparent that an aqueous solution was 
used.
The positions and relative intensities are deduced 
from their Fig. 4.
Murata and Kawai obtained the Raman and IR spectra for potassium 
oxalate and oxalic acid~ and normal coordinate treatments were made for 
both the oxalate ion and oxalic acid.
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A2.4 Murata and Kawai (1956)
Observed Raman bands of potassium oxalate aqueous solution
Frequency 
(relative intensity)
Calculated
frequency Assignment*
1422 Vi (Ag)
928 v2 (Ag)
421 v3 (Ag)
1714 vio (B3g)
550 vn (B3g)
"k The numbering and symmetry species of the paper have been 
changed to those applicable when the molecular plane is 
yz (see Appendix II).
Unlike Gupta, ^  Edsall, and Douvilld, Duval and Lecomte,^^
Murata and Kawai did not apparently find a band at about 1300 cm-1, .
and unlike the other studies they did find a band at 545. They may have 
observed other bands that they did not consider to be. fundamentals and 
so omitted from their published results.
For their normal coordinate treatment of the oxalate ion, Murata 
and Kawai have mixed observed frequencies from solid IR data and aqueous 
solution Raman data. It was already known in 1956 that frequencies were
usually shifted by a change of phase. Murata and Kawai referred to
(31 (121some earlier papers, but not to Gupta'- J or Douville, Duval and Lecomte. 1
1485 ) (s )
1450 ) (s )
898 (s)
443 (m)
1664 (s)
545 (w)
Both of these papers suggested that rotation of the C02 groups is likely 
in solution. Murata and Kawai considered that their results showed the 
rule of mutual exclusion to hold and the normal coordinate treatment was 
done for symmetry. From the above discussion it can be seen that their 
analysis is unsatisfactory. Under symmetry it is not obvious why two 
bands at 1450 and 1485 should be seen, but they did not comment on this 
and they are bracketed together as Vj (A_). No mention of depolarization' o
ratios was made and no spectra were reproduced.
A2.5 Ito and Bernstein (1956)
Ito and Bernstein observed the Raman spectrum of potassium 
oxalate in aqueous solution and the IR spectra of potassium and caesium 
oxalate in water and D20. Hie infrared range 3-35p. was covered using 
CsBr, NaC£ and LiF optics.
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Observed bands of aqueous solutions
Raman Fundamentals
Frequency p Assignment
1488 0 .3u p . Vi A ** g C~0 stretching
904 0 .1 Q P v2 Ag COO deformation
445 0.55 p V3 Ag C-C stretching
1305 0.82 DP V7 B2g COO rocking (0.0.p.)
1660 0 .86 DP V10 B3g C-0 stretching
300 O.85 DP V11 B3g COO rocking (i.p.)
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Observed bands of aqueous solutions (cont)
Infrared Fundamentals
Frequency Assignment
1300 v5 Blu C-0 stretching
'766 V6 Blu COO deformation
1555 V8 B 2 u C-0 stretching
(160)* V9 B 2 u COO rocking (i.p.)
500 2 B3u COO rocking (o.o.p.)
Ito and Bernstein have used A, . but this is incorrectlg
for symmetry, as only one A^ species is possible. 
Not observed. Inferred from combination band.
Infrared combination and difference bands
Observed Calculated Assignment Symmetryspecies
2860 ?
2782 2788 Vi + v5 lu
2604 2605 V 7 + V 5 B,3u
2474 ?
846 855 v5 - v3 B-.lu
605 605 V 3 + V 9 B-,2u
361 360 Vi o - V 5 B„ t 2u
t This is incorrectly shorn in their table to be B^  .
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Raman combination and overtone bands
Observed Calculated Assignment Symmetryspecies
1452 1460 v9 + v5 B3g
888 890 2v 3 Ag
A planar, Eoxalate ion was assumed. The reason for this was 
that the oxalate ion in solid sodium oxalate had been found to be planar 
by Jeffrey and Parry (1954). ^  This is not a valid reason, as an 
oxalate ion in a crystal will experience different forces acting on it 
than an oxalate ion in solution. Furthermore, the oxalate ion in solid 
ammonium oxalate had been shown to have a dihedral angle of about 28° in
an earlier paper by Jeffrey and Parry in 1952. The earlier papers
(3) (12)of Guptav J and Douvilie, Duval and Lecomte J looked at Raman spectra
of ammonium oxalate and potassium oxalate in solution. (Potassium oxalate
is known to have a nearly planar oxalate ion in the solid state. ) ■ The
spectra are so similar to each other, and to the potassium oxalate
spectrum of Ito and Bernstein, that the planarity, or lack of it, in the
crystal, does not influence the solution spectra. If the actual
reference to sodium oxalate given by Ito and Bernstein is consulted it is
found to be the paper of Jeffrey and Parrythat showed ammonium
oxalate in the crystalline state to have a non-planar oxalate ion and it
does not consider sodium oxalate.
Ito and Bernstein considered that the planarity of the oxalate ion 
in solution was supported by their spectra, which, they stated, did not 
show any coincidences in the infrared and Raman. Their spectra do show 
Raman band at 1305 and an infrared band at 1300. These bands are
sufficiently close, for the experimental conditions used, to probably 
be coincident. Ito and Bernstein state that their assignments were 
made,
"on the basis of the selection rules, depolarization ratios and
comparison with the spectrum of the isoelectric N20 4
Comparison with the spectrum of N2Ch was probably misleading as it has
since been shownthat the assignments they used, by Sutherland,
are partly incorrect. Ito and Bernstein found three Raman depolarized
bands, at 1660, 1305 and 300 cm 1. Under symmetry it was necessary to
assign these to a C-0 stretch, an in-plane COO rocking and an out-of-plane
COO rocking. Their assignment of the 1660 band to the C-0 stretch and the
in-plane COO rocking to the band at 300 is not unreasonable, However,
their assignment of the 1305 band to the out-of-plane rocking is very
surprising. Spectroscopic data available in 1956 should have indicated to
them that this frequency was far higher than would be expected for a COO
rocking mode, e.g. Sheppard and Simpsonconsider CHZ rocking modes
occur in the range 1100-700 cm 1. (Tire assumption of a planar oxalate
ion does not seem valid when reasonable assignments are considered. If
D2|a symmetry is not used in making the assignments, then the difficulty of
explaining a COO rocking mode at 1305 disappears.) Ito and Bernstein
f21)refer to the shorter paper of Douvllid, Duval and Lecomtev on the IR 
spectra of solid oxalates, but they did not mention their more detailed 
paperthat includes the Raman spectra of solutions of potassium and 
ammonium oxalate, where it was suggested that there may be rotation of 
the C02 groups in solution.
Ito and Bernstein calculated the infrared active COO in-plane 
rocking vibration, V9 , to have a frequency of 160 cm 1. They used the 
value of 160 to account for the IR combination band observed at 605 cm 1 
and the Raman band at 1452. Their calculations followed from the treatment
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by Shimanouchi et al, for the CF2=CF2 molecule, where it was shown 
that the ratio of the product of the two B^  frequencies to that of the 
two B u^ frequencies is a function of the masses and the geometry only and 
independent of the force constants if the interaction between COO groups 
on different carbon atoms is neglected. For CF2=CF2 Shimanouchi et al 
assigned the lowest A vibration as the CF2 deformation, not the C-F 
stretch.
Ito and Bernstein identified a number of combination and difference 
bands. Usually summation bands are more intense than different bands, 
so that it is unexpected that they would observe V5 - v3 and Vio - vs 
without observing the corresponding summation bands.
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A2.6 Begun and Fletcher (1963)
Begun and Fletcherconsidered the spectra of potassium and 
caesium oxalate in water and D20, and sodium and potassium oxalate in the 
solid state. They made a special effort to observe as many bands as 
possible in the IR and Raman, but they could not find all the bands 
previously reported by Ito and Bernstein. The spectra of solid
sodium and potassium oxalate were used because some lines seen in their 
mull and KBr disc spectra could not be found in the solution spectra, 
notably the strong line at about 525 cm-1, that was thought probably 
to be a fundamental.
The IR and Raman coincidences, at 761, 1310 and 1579, lead Begun 
and Fletcher to the conclusion that the oxalate ion could not have 
symmetry in solution. They considered the possibility of or 
symmetry, and decided that the symmetry was since "The Raman spectrum
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is not rich enough for the structure" (see p .71 for a description of 
spectral activity). This seems a very weak argument, especially as they 
said, with reference to the symmetry, that,
"Hie other two coincidences were not observed, but this may merely 
be due to lack of intensity."
I would not consider the simplicity of their Raman spectrum to be 
sufficient cause to decide that the symmetry of the ion was not D2.
Begun and Fletcher assigned the three polarized bands at 1486, S00 
and 449 to the totally symmetric fundamentals. Hie 1486 was assigned to 
a C-0 stretch, 900 to the C-C stretch and 449 to a C-C-0 deformation. 
Hiey mentioned, but without giving any details, a calculation of force 
constants to support the assignment of the 900 and 449 vibrations. With 
the above, assignments, using a Urey-Bradley field, the C~C stretching 
force constant, K(C-C), was found to be in the range 3.0 mdyn/X. and the 
defoxmation constant, H(O-C-O), 0.3. If these assignments were reversed 
then K(C-C) decreased by a factor of two and H(O-C-O) was in the range 
1.4 mdyn/$, the latter being about four times what they expected. Their 
Fig. 2 and table 2 show that the 1486 band was observed in the IR as a 
weak shoulder on the 1579 band. Table 2 assigned it as \>i, so one can 
only assume that they must have considered it to have become active due 
to a breakdown in the selection rules. Caesium oxalateis extremely 
soluble in water (282.9 g/100 g water 25°C) so violation of the 
selection rules is not unexpected.
The assignment of the non-totally symmetric bands presented more 
difficulties, including the experimental difficulties in the pre-laser 
days of the Begun and Fletcher study. Their 1579 band is overlapped by 
the water bending vibration, which makes its depolarization ratio 
difficult to determine. The use of D20, with the consequent appearance
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of its bending mode at 1213, not only enabled them to observe the 1579 
oxalate band more clearly but also to prove that the assignment of the 
1643 band to the oxalate ion was erroneous. Of a possible total of 21^  
and 3E bands, under symmetry, three bands were found that were con­
sidered to be clearly depolarized, 301, 1310 and 1579. A fourth band,
761, of uncertain polarization was observed and the appearance of 761 in 
their IR spectra supported its assignment to a or E mode. Begun and 
Fletcher expected the antisymmetric 0-00 deformation to be close in 
frequency to the deformation, so they assigned it to the 524 band observed 
with solid sanples. The 761 band was assigned to the E type 0-00 
rocking motion. They noted that this seemed high for such a band but 
they believed their assignment of the 1452 band, as its Fermi shifted 
overtone, fitted the assignment. The band at 1579 was considered to be 
the fundamental shifted by the Fermi resonance. They reasoned that,
"Since the anharmonicity in the rocking motion would be small, a 
60 cm 1 shift in the frequencies is reasonable. This, puts the 
unperturbed band centers at -1512 and -1519 for the overtone and 
the fundamental, respectively. If this Fermi resonance occurs (and 
it seems to account for tire intensity as well as the position of 
the overtone), then the 1579 cm 1 band must belong in species B2, 
since E xE = A1 + A~ +- B, + The 761 cm 1 band must then belong 
in species E, for if it were B^  its first overtone would be totally 
symmetric and would not interact with the 1579 cm 1 band."
Although it does not invalidate this argument, it should be pointed out 
that if an overtone of an E band is being considered then 
(E) 2 = A^ + B^  + B2, i.e. the symmetrical direct product should be used. 
Their discussion would be appropriate if two different degenerate 
vibrations were being singly excited to form a combination band.
The 1310 and 300 bands were assigned to the E species C-0 stretch
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and C02 wag, respectively. They were surprised that the lowest C-0 
stretching motion would be assigned to the degenerate antisymmetric 
stretching motion, but they found that no other assignment seemed to fit 
the spectra.
Begun and Fletcher briefly discussed the comparison made by earlier
workers between the oxalate ion and the Nr.01(. molecule. In an earlier
paper, Begun and Fletcher^' showed that some of the previous 
n 3"!assignmentsv J for the N20i, molecule were incorrect.
A2.7 Hester and Plane (1964)
f?7'lHester and Planev‘“ J considered the Raman spectrum of potassium 
oxalate in aqueous solution as part of their study of the complex ions 
[A£(C20it) 3] 3 and [Ga^OiJ 3] 3 in aqueous solution.
Observed Raman frequencies in aqueous solution
Frequency Relative intensity p Assignment under D^
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310 (w) b DP Vl 2 CB) CO2 rock
460 (m] b P v3 CA) 6 COCO)
905 (m) sh P v2 CA) vCC-C)
1315 (m) sh DP Vs CB) v s Cc-o)
1390 (w) b DP V 8 CB) CO 2 wag
1450 (m) sh DP V u CB) CO 2 wag
1490 (s) sh P Vi CA) vsCC=0)'
1600 (m) b DP V 7 CB) vaCC-0)
1647 VlO CB) va(C=0)
Hester and Plane found nine Raman bands, and all were assigned to 
fundamentals, under symmetry. They did not distinguish between the 
different sorts of B symmetry species, but it is apparent from their 
numbering of the observed bands, i.e. v5, B^ , V7 and v8, B^  and v10,
Vn and v 123 By With reference to their band assignments they stated,
"The frequency assignments made for the free oxalate ion are on the 
basis of a non-planar configuration of D? symmetry. For this, a 
normal coordinate treatment, using a Urey-Bradley force field, has 
been reported."
lire paper they quoted was by Schmelz et al. Schmelz calculated the
frequencies of the oxalate ion under and then commented on the 
effects of reduction of symmetry to for the R.,, B2 and B^  frequencies. 
(For further discussion of the Schmelz et al paper see p.162).
Of the. three bands they found to be totally symmetric, two were 
assigned in the same way as previous authors, i.e. 460, (O-C-O) deformation 
and 905, C-C stretch. Hie third, at 1490, they assigned to a C=0 stretch. 
Some of their assignments are very surprising, especially when it is 
remembered that they referred to the paper of Schmelz et al. Hester and 
Plane assigned their lowest C-0 stretch to the band at 1315, but the 
bands at 1390 and 1450 were assigned to C02 wags. It is also surprising 
that they distinguish CO and C-0 stretching vibrations. It was well
Pknown that a free carboxylate group in solution has the structure C'
0
with both C-0 bonds equivalent. Complex formation usually results in a
lengthening of the C-0 bonds involved in the chelation and a shortening
f291of the other two C-0 bonds, } and then a distinction between CO and 
C-0 stretching vibrations becomes appropriate. Their own results for 
oxalato complexes indicate this. Also, if all the C-0 bonds are not 
equivalent, then the symmetry of the non-planar ion is not D^ .
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Nagarajan calculated a potential field and force constants for 
the free oxalate ion on the basis of D0^  symmetry. Nagarajan discussed 
the paper of Begun and Fletcher and his calculated frequencies were
in good agreement with their observed values for the oxalate ion in 
aqueous solution.
Nagarajan calculated fundamentals compared with the Begun and 
Fletcher observed bands * . .. .....  .
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A2.8 Nagarajan (1966)
Band
No.
Symmetry
species Observed
Calculated
Set I Set IJ Set III Set IV Set V
Vx (Ax) 1486 1564 1512 1478(8 )+ 1482(4 )t 1485 (1)^
V2 (A1} 900 856 942 907(7) 912(12) 905(5)
V 3 (A-j) 449 423 415 458(9) 440(9) 445(4)
Vi» (Bx) . - - - - - -
Vs (b2) 1519* 1612 1586 1528(9) 1506(13) 1512(7)
V6 Cb2) 524** 545 502 531(7) 520(4) 528(4)
V7 (E) 1310 1432 1258 1302(8) 1327(17) 1315(5)
Vs (E) 761 724 786 780(19) 758(3) 765(4)
Vg CE) 301 327 289 306(5) 304(3) 304(3)
Deviation from observed values.
'k'k Observed for solid samples only.
•k
• Calculated by Begun and Fletcher as displaced by Fermi resonance from 
1579 to 1519.
Nagarajan used symmetry coordinates and a simple valence force 
field. He did not state the source of his initial values for the force 
constants or the bond distances and angles used. Five sets of valence
force constants were obtained and the fundamental frequencies calculated, 
except which had not been observed by Begun and Fletcher. When 
considering the force constants he obtained, Nagarajan stated,
" but the values from Set III are very reliable since the 
calculated frequencies are in good agreement with tire experimental 
ones. Tire values from Sets IV and V which are more or less similar 
to those of Set III have reproduced the fundamental frequencies to 
the nearest wavenumbers of the observed ones. Hence, it is felt 
here that tire values of force constants from Set III are the most 
reliable and unique ...."
The values for the deviation between the observed and calculated values, 
indicated by the numbers in brackets in tire above table, show that the 
deviations were smallest for Set V.
In the section on symmetry and selection rules, Nagarajan stated, 
"All the vibrations are active in the Raman and infrared absorption 
spectra except the one under the symmetry species which is 
inactive only in the infrared absorption spectrum."
This is incorrect. Under symmetry both the and the B^  are 
inactive in the infrared.
A2.9 Sahini, Beldie and Damaschin (1966)
Sahini, Beldie and Damaschinobserved the Raman spectrum of 
potassium oxalate in aqueous solution. It was compared with spectra of 
[A&CCaOit) 3] *M'3H20 where M = K and Na and the effects of complex 
formation discussed.
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Observed Raman spectrum of potassium oxalate
in aqueous solution
Frequency P
440
900 0 .12
1305 0.76
1445
1480
1580
Sahini, Beldie and Daraaschin tabulated the observations and 
assignments of Begun and Fletcher for use with their observations. 
They incorrectly recorded that Begun and Fletcher assigned the 1458 
band to a C02 wag. It was assigned to 2ve, the overtone of a C0 2 rock 
displaced by Fermi resonance.
A2.1Q Gruen and Plane (1967)
Gruen and Plane studied the Raman spectra of the free oxalate 
ion, as potassium oxalare in aqueous solution, oxalic acid, dimethyl 
oxalate and some oxalato complexes. They show the spectrum of the free 
oxalate ion, but not all the positions have been given exactly, and in 
the following table these positions have been estimated from their 
spectrum and are shown in brackets. They accepted the Begun and 
Fletcherassignment of geometry for the free oxalate ion in 
solution.
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Observed Raman bands for potassium oxalate
aqueous solution
Frequency
h i P
(ca. 300)
443
(900)
(1280)
1443
1475 0.35 0.28
1582 0 .2 1 DP
IM is the molar intensity, relative to the 
1050 cm 1 line of nitrate.
The study was mainly concerned with cxalato complexes and the 
changes in the spectra on complexing. They correlated the observed Raman 
spectrum with the type of C-0 bonding of the carboxylate group:
" ... whereas free oxalate has but one polarized and one depolarized 
high-frequency line, the tris complex (and presumably also the bis 
complex of Zn whose complete spectrum could not be obtained) has two 
polarized and two depolarized lines. This pattern is consistent with 
the notion that in the oxalate ion, ail four 0 atoms are equivalent 
and hence only one symmetric C-0 stretching mode can occur. However, 
in the bidentate complexes the two coordinated 0 atoms are distinct 
from the two which are not coordinated."
f 271This statement is in contrast to the study of Hester and Plane \ 1 
when C-0 and C=0 stretching modes were assigned to the free oxalate ion 
Also, the Gruen and Plane study recognised that the 'broad 1650 cm 1 d20
"bending” band' had been observed, whereas Hester and Plane had assigned 
it to the C=0 asymmetric stretch.
Gruen and Plane seem to have considered the C02 groups independent, 
whereas authors such as Ito and Bernsteinand Begun and Fletcher^ 24^  
considered the whole molecule, with all C-0 bonds equivalent, and hence 
obtained four C-0 stretching modes under symmetry or three under 
symmetry.
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A2.ll Bardet and Fleury (1967)
Bardet and Fleuryobserved the Raman and IR spectra of ammonium 
and potassium oxalate in aqueous solution, and analysed the spectra using
symmetry for the oxalate ion.
Observed bands
IR
KgCzOi* (NH^ ICaO^
Raman 
K2C2O4 (NHi*) 2C2O1, P
4*Assignment, potential 
energy distribution
301 301 DP v9 (E) p(50) + 60C0 (20)
4 5 0 450 P v s ( A 1 ) 60C0 4^°) + W 40 )
+ vcc(20)
908 908
1272
P vz (A j ) + W 30 )
+ 6CCO(-30')
1300*
1305 1310 1310 DP v7 (E) vco(75)
(1450)? 1450 1456 1456 DP 2v 8**
1486 1486 P v 1 CAi) vc0(95)
1570 1581 1581 DP V5**(B2) vraC97)
1580*
k No reason is given for this band being separated from other bands of 
very similar frequency.
k k Bands displaced by Fermi resonance.
•J* Bardet and Fleury abbreviations: v stretch, 5 i.p. deformation,
p o.o.p. deformation. The type of o.o.p. deformation was not stated.
The IR and Raman coincidences indicated that the oxalate ion was 
non-planar, and following Begun and Fletcher, it was analysed under 
symmetry. Bardet and Fleury could readily assign the three totally 
symmetric vibrations but the assignment of the non-totally symmetric 
vibrations was done with the aid of a normal coordinate calculation. A 
Urey-Bradley force field was used and deviations between observed and 
calculated values minimised using the method of least squares. The 
initial force constants were those of Murata and Kawai. No other 
details of the calculation were given. The calculation of the potential 
energy distribution showed that the three C-0 stretching vibrations were 
’frequences caracteristiques’, but considerable mixing occurred for the 
other fundamentals. Apart from the six fundamentals identified in their 
solution spectra, Bardet and Fleury used the value of 761 observed by
r?4'iBegun and Fletcher*•" J for aqueous solutions and the band seen at 524 for 
solid samples. The 761 band is assigned to V3, (E), p(50) + <5q£q(20) and 
524 to v6s (B2), Sqcq(30) -5- ( S ^ q C S O ) .  The bands observed at 1450 and 
1586 were considered to be a. pair of bands displaced by Fermi resonance. 
They used the method of Langseth and Lord, in the form presented by 
Rao,^^ to calculate the positions of tire unperturbed bands. The 1450 
band was assigned as 2 x 761 = 1522 displaced, and the unperturbed 
position of the 1586 band was calculated to be 1519.
The Raman band observed at 1272, for ammonium oxalate solution only, 
was assigned to the combination 761 + 524. The assignment was taken as
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confirmation of the choice of the 524 band as a fundamental. All the
bands observed for ammonium oxalate solution were assigned to the oxalate
+ion, although it was well known that the NHt, ion has a deformation mode 
in the region 1390-1484. Potassium oxalate is considerably more
soluble in water than ammonium oxalate (33 g/100 ml H20 and 
4 g/100 ml, respectively at about 16°C), so it is very surprising that 
an IR oxalate band would be clearly visible for the ammonium oxalate 
solution but unclear for the potassium oxalate solution. The reasoning 
that it is masked by the water bands is unacceptable, as this would apply 
to both the solutions. No spectra were reproduced.
A2.12 Steigman, De Iasi, Lilenfeld and Sussman (1968)
f37'iSteigman et al J have published a series of papers on acid-base 
reactions in concentrated quartemary ammonium salt solutions. The 1968 
paperincluded IR spectra of oxalic acid, potassium hydrogen oxalate 
and potassium oxalate. Spectra were observed in D20 and 7.75 M tetra-n- 
butylammonium bromide solution, (n-Bu^ NBr), for the region 1300-1800 cm 1, 
at room temperature.
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Observed IR bands for potassium oxalate
D20
Frequency
n-Bu,(NBr
Assignment
1573 1573 v coo“ a
1308 1305 v C00“ s
(For further discussion of this paper see pp 83 and 111
Chacon and Matzke published a method which enabled the calculation 
of diagonal and non-diagonal force constant matrices. Any number of force 
constants could be determined between N and N(N+l)/2, where N is the order 
of the secular equation. The method took into account the possible 
interdependence of force constants of different symmetry representations. 
The method was applied to the oxalate ion of symmetry, and the results 
were compared with Murata and Kawai observed values. The method
certainly is capable of reproducing a set of results very closely. In the 
case of the Murata and Kawai results the largest deviation was 3 cm 1 for 
their band at 545 cm 1. In their conclusion Chacon and Matzke stated,
"If the assignment is incorrect the system will be incoherent, and 
an assignment different from the initial one will be obtained; also 
the frequency values will differ significantly from the experimental 
results."
The ability of the Chacon and Matzke method to reproduce the 
observations and assignments of Murata and Kawai so precisely invalidates 
their conclusion. The discussion on the paper of Murata and Kawai (see 
p.24)showed that their observations and the conclusions they drew from 
them were not very satisfactory. More recent studies, e.g. Begun and 
Fletcher, also indicated the probability that some of their observed bands 
may have been spurious, or wrongly interpreted. Their 1664 Raman band was 
probably due to the water bending vibration. Chacon and Matzke reproduced 
the 1450 value of Murata and Kawai precisely, but Murata and Kawai 
bracketed two values together as Vi, and whilst the Murata and Kawai 
calculation of 1422 probably indicated the lower value of 1450, rather 
than the higher value of 1485, the poor fit of their other bands cannot be 
considered to make a clear case for the acceptance of the 1450 band as the
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A2.13 Chacon and Matzke (1971)
- 43 -
fundamental. Most other authors have found the 1485 band to be the 
stronger and so have accepted it as the fundamental.
A2.14 Summary
A comparison of the literature observations and conclusions should 
enable spurious bands and the more obvious errors to be appreciated.
A2.14(a) Water bands
Water bands seem to have caused little difficulty in the inter­
pretation of infrared spectra, probably because of their very high 
intensity. A very different impression emerges from the Raman 
observations. It is perhaps surprising that the water bending mode at 
about 1640 should have been mistaken for an oxalate fundamental as it 
was identified as long ago as 1932 by Silveira and Bauer. However,
it has certain peculiarities that make its origin less obvious. In 
pure water it is a weak band but as the concentration of added solute 
increases its intensity increases. It would be expected that the
oxalate ion would probably have a band at very approximately this region 
and in the earliest studies, such as Gupta,it seems likely that the 
poorer instrumentation at that time lead to one very broad band being 
observed, rather than the water bending band and a second oxalate band 
at about 1580.^^ Edsall^-' observed a band at about 1640 for some 
but not all of his aqueous spectra. His study of malonic acid and its 
salts, and deuterated forms of them in H20 and D20 lead him to the result 
that the 1209-1228 band arose from D20 and the 1639 band from H20.
It seems probable that the 1664 band assigned as a B^ oxalate 
fundamental by Murata and Kawai was the bending mode of water. Ito and
Bernstein^'* observed the infrared spectrum in H20 and D20, but the 
Raman spectrum was recorded only in H20. Their Raman band at 1660
('27')probably included the water mode. Hie study by Hester and Planev *
identified a 1647 band as due to the oxalate ion, but the later paper by 
(32)Gruen and Planev J recognised it as due to water and the highest oxalate 
band was identified as that at 1582.
Hie band at 175 cm 1 observed by Gupta^ has not been found in any 
other studies and it is probably due to a water mode. It is known
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that this band decreases in intensity as the concentration of solute is 
increased. Gupta^3'1 stated that he used saturated solutions so it is
perhaps surprising that he observed it.
A2.14(b) Symmetry considerations
In the literature the oxalate spectrum is analysed under D2h> and 
symmetry (see Appendix 4 for a correlation table of these groups).
Hie three totally symmetric A modes under D?^  become A under and A^ 
and ^ >2d' In eac^  case they are Raman active and IR inactive (see p.71 
for activities under different point groups). Direct comparison of 
polarized Raman bands can thus be made, whichever symmetry is used. The 
Au mode under becomes a fourth totally symmetric mode under D2 and a 
Bx mode under Hiis corresponds to the C~C torsional vibration. It
is generally accepted that it will occur at very low frequency and it has 
not been identified in any of the studies.
Hie two B^ u bands under become B^  under D2 and B^  under b l ­
under D^ they are IR active but Raman inactive, whereas for D2 and 
they are IR and Raman active. Begun and Fletcherused the IR and 
Raman coincidence of the 1576 (DP) band, assigned as v5, B2 under D2f, 
as part of their evidence for reduction of symmetry from D^.
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Hie six remaining modes under and become three degenerate E 
modes under D^. Under tliree are Raman active and three are IR active, 
with no coincidences. For all six bands are IR and Raman active, and 
for the three bands are IR and Raman active. In the literature the 
small number of non-totally symmetric bands observed has been used as an 
indication of rather than symmetry.
The presence or absence of coincidences has enabled a choice to be
made between a planar, D^, ion^^ or a non-planar ion. (24,33) qoweverj
the choice of or symmetry is not so obvious. Begun and Fletcher
decided in favour of symmetry because of the simple Raman spectrum.
This is not a satisfactory way, and even for the number of bands they
(27')observed was not the total of those they had expected. Hester and Planev J 
are the only authors to have used D9 symmetry. They stated their 
assignment was "made on the basis of a non-planar configuration of 
symmetry.", without making any reference to the possibility of symmetry. 
From their assignment it is apparent that they did not consider all the 
C-0 bonds to be equivalent, and if this was so then D£ was not the correct 
symmetry, C2 should have been used.
A2.14(c) The totally symmetric fundamental vibrations
There is general agreement that the three totally symmetric bands 
are observed at about 450, 900 and 1485. In all cases they have been 
found to be strongly polarized, and only observed in the Raman spectra, 
except that Begun and Fletcherobserved the 1485 band in their IR 
spectrum. This was for a highly concentrated solution of caesium oxalate, 
so that a breakdown in the selection rules is not unlikely.
In all cases the 1485 band has been assigned to a C-0 stretching 
vibration. The potential energy distribution calculated by Bardet and
Fleury v J showed it to be 95% C-0 stretch. Most authors have 
considered all the C-0 bonds of the oxalate ion to be equivalent, and 
modem theory expects them to be equivalent. Hester and Plane 
however, identified the 1485 band with a C=0 stretch. Gupta^ 
considered tire 1485 band and his 1460 band to be a doublet, as he 
distinguished two C-0 distances. Murata and Kawai bracketed the 1485 
band with their 1450 band without any explanation (the 1450 band is 
considered on p.54)*
The 900 and 450 bands have been assigned to a C-C stretch and an 
O-C-O deformation, respectively. Ito and Bernstein'1^  are exceptional 
in reversing the two assignments. Although not sufficiently unaltered to 
be useful as a characteristic group frequency, a band at about 
850-1000 cm 1 is generally accepted as being 'essentially1 a C-C stretch.^^ 
Begun and Fletcher calculated the C-C stretch force constant and the 
O-C-O deformation constant, which indicated that the 900 cm” 1 band should 
be the C-C stretch (see p.3l). However, the potential energy distribution 
calculation by Bardet and Fleury,  ^also for D2d symmetry, showed that 
considerable mixing had taken place, so that neither could correctly be 
considered as approximating to a C-C stretch or an O-C-O deformation (see 
P-39 ).
A2.14(d) The non-totally symmetric fundamental vibrations
The non-totally symmetric band assignments have given much greater 
difficulties than the totally symmetric band assignments. Hie literature 
contains many different conclusions, so the bands will be considered 
individually.
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This band has been demonstrated to be due to water, but some studies 
have assigned it to the oxalate ion. These are listed below:
Assignment of the Raman band about 1640 cm 1 of potassium oxalate
A2.14(d).! The 1640 band
aqueous solution
Fre­
quency
Point 
p group
Band
No. Symmetry
Assign­
ment Author
1664 " °2h Vio E3R Murata and Kawai (14)
1660 0.86,DP D2h Vio ®3g v (C-0) Ito and Bernstein (16)
1647 ' D2 Vio B va(C=0) Hester and Plane (27)
A2.14(d).2 The 1580 band .
From its position, this band has always been assigned to a stretching 
vibration of C-0.
It can be seen from the table on p.47 that some of the publications 
do not give a full description of their assignments. The bands observed 
about 1640 (Section A2.14(d),! above) should also be considered here. 
Murata and Kawai^^ and Ito and Bernstein^”-' did not observe a band 
about 1580 in their Raman spectra, and their bands at about 1660 were 
assigned, under symmetry, to the highest frequency, B3<j, stretching 
vibration. Hester and Planeobserved a band at 1647 and at 1600 in 
their Raman spectra. Their assignment was made under D2 symmetry for a 
non-planar ion, although as previously mentioned (see p.45), if all the 
C-0 bonds are not considered to be equal, which is implied by having a 
v (C-0) and a v (C=0), then the symmetry is reduced to C~.cl cl c*
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The band about 1305 has been assigned to a C-0 stretching vibration, 
usually.
The only exception to the assignment of the 1305 band to a C-0 
stretch was found in the paper of Ito and Bernstein. Their assignment 
under necessitated the assignment of the Raman 1305 band and the IR 
1300 band to different fundamentals. Under symmetry three depolarized 
Raman bands are possible, a stretching mode, already assigned to their 
1660 band, and two rocking modes. Unlike other authors, murata and 
Kawai^^ did not observe a band in this region in their Raman study.
A2.14(d).4 The 762 band
The 762 band has been observed by Begun and Fletcher, and Ito and
(74)Bernstein. Begun and Fletcher'- J observed a band that was very weak 
in the Raman, so that its depolarization ratio was uncertain, and strong 
in the IR. Ito and Bernstein^' observed the band in the IR only.
Begun and Fletcher assigned the 762 band, under to a C02 rock 
of E symmetry (for further details of the assignment see pp.33 and54 ). 
Ito and Bernstein assigned it to a B^  , COO deformation, under D^.
A2.14 (d) . 3 The 1505 band '
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It is generally agreed that the 305 band is not a stretching mode, 
but assignments are varied.
Gupta observed the band at about 295 cm 1 with the Raman spectrum 
of potassium oxalate, but did not make an assignment.
The observation of the 305 band in Raman spectra only may not be as 
significant as the table on p.51 would seem to imply. Both water and 
D20 absorb in this region, and this region was not accessible with NaC£ 
and ICBr optics.
A2.14(e) Combination., overtone and spurious bands
The fundamentals described above, except 761, occur in almost all of 
the published observations. However, a number of bands have been reported 
only in one study. A band has been observed at about 1450 i n most Raman
spectra and this will be considered separately.
f 3Murata and Kawai '' 'J observed a band at 545 in their Raman spectrum. 
Their observations seem somewhat atypical in that they did not observe a 
band at about 1305 or at about 305, so it seems probable that 545 is a 
spurious band. Murata and Kawai assigned 545 to a B^ g fundamental band, 
Vn, under symmetry.
f 27')Hester and Plane" J have the only observation of a depolarized Raman 
band at 1390. This was assigned to Vs, a B symmetry C02 wag, under D£.
The spectra of Ito and Bernstein contain a number of bands that
have not been observed elsewhere, and these are all assigned to 
combination or overtone bands. Begun and Fletcher also recorded an IR 
band at 844, but they were unable to find all of the bands reported by
A 2 ,1 4 (d ).5 The 305 band
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Ito and Bernstein. Details of the combination, difference and overtone 
bands observed by Ito and Bernstein are given on pp.26 and 27.
Bardet and Fleury are the only authors to report a band at 1450 
in the IR spectra, and in their spectra it is clearly seen for ammonium 
oxalate but not clear for potassium oxalate solution. (Further 
consideration of this band is given on p.69) Bardet and Fleury observed 
a Raman band at 1272 for ammonium oxalate but not for potassium oxalate. 
They assigned this to the combination 761 + 524.
A2.14(f) Hie 1450 band
In all of the Raman spectra recorded, two bands have been observed 
at about 1485 and 1450. The 1485 band is always the more intense and 
obviously polarized and it has been assigned to the totally symmetric 
C--0 stretch, The 1450 band has been assigned in various ways and has 
been reported as depolarized and as polarized,
Gupta^ in 1936 considered that 1485 and 1460 were a doublet, 
which was possibly because the C-0 bonds in the C02 groups were different. 
However, his paper of 1937,^ discussed the resonance of the C-0 bonds, 
but without any reference to the assignment of the 1460 band.
The Hester and Plane assignment of the 1450 band to a C02 wag is
unacceptable when compared with the usual frequencies associated with 
such a vibration. The Ito and Bernstein assignment to v9 + v5
involved the observed 1300, fundamental ana a calculated B^ u
fundamental at 160 (see p.28).
The assignment to 2v8 necessitated the participation of Fermi
resonance, since Vs was assigned to the 761 band, observed by Begun and
Fletcher in the IR and Raman. For Fermi resonance to be possible the
- 54 -
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pair of levels being perturbed must have the same symmetry. Begun and 
Fletcher recorded M?" for the depolarization ratio of both the 761 band 
and the 1455 band. However, since they used the depolarized band at 
about 1570 as the other perturbed band, they reasoned that 761 must be 
B in order that its overtone will include a component with B^ and so be 
able to interact with the band observed at 1570 (see p. 32). Clearly 
this assignment depends on the depolarization ratio of the 1450 band 
and the table shows that there is not general agreement. Ito and 
Bernstein do not specify a depolarization ratio, but their agreement is 
to a depolarized combination band. There is general agreement that the 
1570 band is depolarized.
Hie three different assignments of Ito and Bernstein, Begun and 
Fletcher, and Hester and Plane are made under different point groups,
i.e. and respectively. Under the point group only
non-degenerate species occur, so that any first overtone will necessarily 
be totally symmetric and so a combination (or difference)band or an even 
overtone must be used to obtain a non-totally symmetric assignment for 
the 1450 band. (For further discussion of this band see p.77 ).
A2.14(g) Conclus ions
The literature data favour a non-planar oxalate ion. Murata and
d4'\Kawai - J did not observe iR solution spectra so their belief that the
mutual exclusion rule was being shown by their spectra cannot be
considered valid. Also, comparison with other studies indicates that 
their Raman spectrum was not completely typical. Ito and Bemstein^^ 
also considered that the oxalate ion was planar and tried to assign the 
bands using symmetry. This necessitated their assignment of the 
1305 Raman band to a C02 rock. I have the impression that Ito and
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Bernstein were determined, to assign their spectra under point group
symmetry and chose to ignore anything in their own results or the
literature that suggested that the possibility of a non-planar ion should
be considered, even if only to reject it for some good reason. Their
f 17")accidental reference to the paper of Jeffery and Parry,v 'showing the 
oxalate ion to be non-planar in ammonium oxalate, shows their approach to 
have been biased (see p. 27).
(31Gupta in 1936'- ' realised that there was a possibility that the 
oxalate ion could be non-planar in solution, and most of the well argued 
publications since then have also concluded that the oxalate ion is 
non-planar in solution. However, the literature does not contain evidence 
that necessarily excludes the possibility of D£ symmetry in solution. The 
simplicity of the Raman spectrum cannot be accepted as a valid reason, as 
there is always the possibility that bands may be too weak to be observed. 
All the Raman bands that are predicted for symmetry have not been 
observed. Hie paper by Hester and Planeassigned the observed '
Raman bands on the basis of symmetry, but this paper contains so many
errors that it does not merit serious consideration. The most obvious 
mistake is assignment under D? when a non-planar ion, with all C-0 bonds 
not equivalent, has C9 symmetry. The assignment of C02 wagging modes to 
bands observed at 1390 and 1450 is unacceptable.'^
The choice between D.? or symmetry must depend upon the unequivocal 
assignment of the C-C torsional mode to A symmetry, under or to B^  under 
or sufficient bands being observed and assigned to fundamentals to 
exclude the possibility of point group symmetry. Either of these 
possibilities cannot easily be achieved. Another approach could be to 
consider the energy difference between the and I)2 symmetries. The 
literature does not contain any reference to this having been considered
for the oxalate ion in solution.
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A3. Experimental
Calcium fluoride and silver chloride windows, with Teflon spacers, 
were used for the IR liquid cells. The calcium fluoride cell path-length 
was found from measurement of the interference fringes. The silver 
chloride plates were not sufficiently parallel for interference fringes 
to be observed. The pathlength of the silver chloride cell was estimated 
by observing the interference fringes when the spacer from the silver 
chloride cell was placed between calcium fluoride windows. Since this 
study considers relative intensities only, accurate knowledge of the 
pathlength is unnecessary. Pathlengths were of the order of 25-30 microns. 
Even with this short pathlength H20 and D20 bands were extremely strong 
and blocked out much of the range. With water useful data could be 
obtained from about 2800 to 1700 and 1600 to 1000 cm 1, and for D20 from 
about 2150 to 1300 and 1150 to 700 cm 1. It was found more satisfactory 
to use a comb-type attenuator in the reference beam than a reference ceil 
that could not be accurately matched. This also had the advantage of 
making it obvious which areas were effectively 'dead'.
Raman samples in water were placed in a cylindrical glass cell with
a 'drop-on1 lid, and samples in D20 placed in a cylindrical quartz cell
with a ground glass joint. Both cells had an internal diameter of about
+ . o7-8 mm. Raman excitation was by the green Ar line, 5145 a . The 218 and 
314 depolarized carbon tetrachloride bands were used to check the sampling 
arrangement. The carbon tetrachloride peaks were considerably cleaner in 
shape and freer from noise than the sample peaks, so the uncertainty in 
in the depolarization ratios of the sample peaks is due almost entirely 
to the sample spectrum and not the apparatus. For most of the spectra an 
interference filter was used, but as the filter reduced the laser 
intensity by nearly a half, unfiltered light was used for observations 
of weak peaks and at low concentrations.
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Raman peak heights \vere used for the calculation of depolarization
ratios of reasonably isolated peaks. The water and D20 spectra could
only be compensated for in part, as they changed with the concentration
of the solute. The overlapping peaks between 1400 and 1500 cm 1 were
resolved in taro ways, using a Dupont 310 curve resolver and by
deconvolution with the aid of a PDP-8E computer. The Dupont curve
resolving procedure enables up to five curves, of variable height, width
and position to be superimposed to obtain the closest possible fit to
the recorded spectrum. Obviously this method is rather subjective. The
second method was much more objective, especially in the present study
as the deconvolution was performed by Dr L B Hazell, who was unaware of
the spectroscopic implications of particular relative peak heights. The
output from the Raman spectrometer detector was fed into the PDP-8E
(■45')computer. The curve was resolved using the method of Stokes^  J . Pure 
gaussian peaks were added together. Hie computer found the least squares fit 
over a small range of peak heights and positions about the initial value 
predicted from the computer drawn spectrum.
Solutions for the Raman were made up in ordinary volumetric apparatus, 
without further calibration. A range of potassium oxalate aqueous 
solutions was prepared from 0.4 g K2C204“H20 in 100 ml solution to 
saturated, about 35.5 g in 100 ml of solution. For the solutions in 
D20, potassium oxalate was dehydrated on a thermobalance, so that the 
water could be removed without risk of decomposition. The concentrations 
of solutions in D20 were not calculated.
Ammonium oxalate aqueous solutions were prepared at concentrations 
of 2.5 and saturated 3 g (NH4)2*C2Ck*H20 in 100 ml solution. Ammonium 
chloride aqueous solution was prepared at concentrations of 1 .882 and 
10 g NH Q^l in 100 ml solution.
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A4.' Results and interpretation
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IR spectra of solutions in II20:
A. Ammonium chloride, B. Ammonium oxalate, 
C* Potassium oxalate.
IR spectrum of Potassium oxalate in D20
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Observed bands of ammonium oxalate and ammonium chloride aqueous 
solutions, at the concentration of 0.352 g ions per litre
Ammonium oxalate Ammonium chloride
IR Raman P IR Raman
448 (37) 0.5
906 (100) <0.01
1306 (m) sp 1310 (35) 0.7-0.8
1460 (mw) 1458 (45) 0.3 1454 (mw) ?
1490 (99) 0.2
-1575 sh -1584 (vw) sh -
The water bands have not been included in the table (p. 59 ), since 
they are well known. They give rise to an undulating background in the 
Raman spectra below 900 cm i. The background is somewhat smoother for 
D2O. This does not cause difficulty for the 448 band, as it is clearly 
polarized, but the precise depolarization ratio for the weak 305 band is 
doubtful. The intensity of the Raman scattering from water and D20 
varies with the concentration and type of added s o l u t e , s o  that it 
is not possible to correct entirely for the background. The 1577 band is 
overlapped to a considerable extent by the 1636 water bending mode, but 
no strong D20 bands occur in this region, which enables a more precise 
depolarization ratio to be determined in D20,
The intensity of the 1636 water mode increases considerably with 
increase in concentration of solute, but its position is not appreciably 
altered. Conversely, the bands over 3000 cm 1 show considerable shift in 
position, but little change in intensity. If the concentration of added 
solute is plotted against intensity of the Raman band, it is expected to
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give a straight line. The literature contains accounts o£ the 1050
Raman band of the nitrate ion^^ and the 930 band of the perchlorate 
ion^^ being used as internal standards, but the small change of 
intensity of the water bands above 3000 cm"1 suggested that it might be 
possible to use one of them for calibration if the range of concentrations 
to be studied was not too large. Potassium oxalate is by far the most 
soluble of the species studied in solution and it becomes saturated at 
about 35.5 g in 100 ml aqueous solution at room temperature (~25°C), about 
1.93 molar. Three bands can be distinguished, at about 3270 and 3400, 
with the conditions [Z(XX)Y] , and 3440 with the conditions [Z(XZ)Y]. The 
band at 3270 was found to give the best straight line, when used to 
correct the height of the oxalate band observed at 1309 (see below).
Whilst this method cannot be expected to be highly accurate,^8-* the graph 
shows that it does enable comparison to be made of spectra observed 
under different instrumental conditions and with different physical
corrected 
pealc height 
(mm)
molar concentration 
Potassium oxalate in H20. To show the correlation 
between the corrected peak height of thd'1309 band and oxalatei 
ion concentration.
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properties, e.g. refractive indices. The corrected peak heights depend 
on a number of factors including: (1) the real concentration of the
oxalate ion in solution; (2) the accuracy of measurement of the oxalate 
ion peak height initially; (3) the concentration of the water;
(4) the accuracy of measurement of the water peak height.
Density measurements showed the following relationship between 
concentration as molarity and molality for three of the more •
concentrated solutions.
Molarity and molality of some potassium oxalate solutions
Concentration 
g litre-1, K2C20^«H20 Molarity Molality (app)
220 1.19 1’30
240 1.30 1.43
320 1.74 2.°0
Hie table above shows that although the water concentration is 
altered, a good straight line is obtained for the plot of corrected 
1309 peak heights against molarity. The water bands over 3000 a.re 
much more intense 'than the oxalate ion bands. A lower amplifier range 
was used to measure the water peak heights than the oxalate peak 
heights, so most of the inaccuracy due to noise occurs in the measurement 
of the oxalate bands. Depression of freezing point data (see 
Appendix 3 ), indicates that a considerable quantity of the oxalate is 
not in the form of free oxalate ions. This is probably the major 
contributor to the curvature seen in the plot at high concentration. The 
weak 1740 band may indicate the presence of species•other than the free 
oxalate ion, or it could be an overtone (see p.76 ).
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The curve resolution performed on the PDP-8E computer was not found 
to be as satisfactory as that obtained by use of the Dupont 310 curve 
resolver. This was rather disappointing as the computer method was more 
objective. The computer program found the least squares fit over the 
specified range and a root mean square (RMS) figure was given to represent 
the closeness of fit. The RMS figure was +3.931 for the conditions 
[Z(XX)Y] and +4.18% for the conditions [Z(XZ)Y], which is a good fit. 
However, the computer drawn spectra show that the synthesized peak height, 
for the peak corresponding to the 1455 band, is higher than on the band 
envelope at this point, which is not possible and must therefore be 
rejected. The Raman spectra, obtained in the usual way, do not have a 
shoulder at the lower frequency side of the 1455 band, but the computer 
drawn shoulder is sufficiently pronounced to be accounted for by a band 
about one-third the size of the 1455 band, but here again the size of the 
band is such that it is considerably higher than the overall curve 
envelope at this point. It would seem that, as the programmed peak widths 
are limited, the least squares fitting procedure leads to peaks that may 
exceed the height of the overall curve if this results in a closer fit to 
the area under the curve. In this case it compensates for too deep a 
trough between the 1455 and the 1488 bands.
The manually operated Dupont curve resolver enables a wider variety 
of procedures to be tried than the computer program. The computer was 
only able to use a simple base line to join the lowest points on either 
side of the curves that were to be resolved. Three types of base line 
were tried with'the Dupont curve resolver:
1. A simple base line joining the lowest points on either side of 
the two curves.
A4.2 Curve resolution
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2. A more generalised base line, joining the levels at points 
corresponding to about 1380 and 1800, with the best possible 
fits for the observed 1580, 1640 and 1740 bands superimposed on 
it, and the 1455 and 1488 peaks synthesized on the resulting 
baseline. .
3. A base line that was similar to (2) above, but with the 
addition of a small peak at about 1500 to make the overall band ■ 
envelope more like that observed. Hie 1500 peak is considered 
as a way of overcoming the symmetrical Gaussian peaks 
deficiencies in depicting the observed spectrum rather than a 
genuine, masked peak. The Gaussian peak was particularly poor 
for the 1640 xvater band.
It can be seen from the table (p. 67) that the results of the three 
methods were very similar, and an average of the three methods has been 
given in the table of Section A4.1. The curves drawn by the Dupont are 
depressed vertically and somewhat extended horizontally which accentuates 
any shoulders that may be present. It was not found necessary to 
introduce a peak on the low frequency side of the 1455 band to obtain a 
good fit in that region.
A4.3 Comparison of the ammonium oxalate and potassium oxalate 
solution spectra ..........
Ammonium oxalate is much less soluble in water than potassium oxalate, 
i.e. ~3 g in 100 ml solution compared with about 35.5 g in 100 ml. The 
weak 305 Raman band was not detected with ammonium oxalate solutions and 
the 1580 Raman band was very weak. It is well known that the spectrum of 
the water is altered by the type and concentration of added solute (e.g. 
Refs 216 and 42), and comparison of the potassium and ammonium oxalate
solutions suggests that the ammonium ion has a similar effect to the 
potassium ion, but that the magnitude of the effect is greater for the 
ammonium ion.
The IR and Raman spectra of ammonium oxalate show a band at about 
1455-1460 cm 1 whereas, at the same concentration, or at much higher 
concentrations, a band appears at 1455 in the Raman spectrum only for !
• f36'\ 4.potassium oxalate. It is knownv J that the NH^  ion has a band in the 
region 1390-1484, which is IR active. Hie spectrum of NH^ CS,, at the same
•f , (NHit ion concentration as the ammonium oxalate solution (0.352 g ions .
NHit"r per litre), showed a very similar IR band to that observed for the ;
ammonium oxalate solution. This indicates that for the IR spectrum the 
band seen at 1455 is due to the NH4+ ion, not to the oxalate ion. Bardet 
and Fleury*--^  assigned this band to the oxalate ion (see also the .
discussion, p. 41), .
The NH,jC& solution, at the same concentration of NHt,+ ions as the 
oxalate solution, shows only an extremely weak Raman band in the region
Raman band peak heights for aqueous solutions, 0.176 molar
i
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Ammonium oxalate Potassium oxalate
Position *kHeight c _ Position * i *Height P
1310 36.6 0.72 1311 36.6 0.73
1438 16.9 0.27 1438 14.8 0.29
1459 49.0 0.23 1459 46.8 0.27
1490 104.9 0.16 1490 104.6 0.18
rk The heights were measured, at the positions shown, from one 
general base line. Hie heights given above were measured under 
the conditions [Z(XX)Y] . Average values are given.
about 1438. The use of more concentrated NHitC& solutions indicated that 
the 1438 band was about one tenth the intensity of the band seen in this 
region for ammonium and potassium oxalate solutions, and that its 
depolarization ratio was over 0.7. Band heights in the 1400-1500 region 
can also be compared for ammonium and potassium oxalate solutions at the 
same oxalate ion concentration (0.17e molar). The isolated oxalate peak 
at 1311 can be used to adjust the band heights to have the same 
contribution from the oxalate ion spectrum (see table on p.69).
These band heights are not considered to be significantly different, 
and no indication of a contribution from a band with a high depolarization 
ratio is apparent.
From the evidence above it is concluded that the 1455 IR band is due 
+to the NHit ion, whereas the 1455-1460 Raman band is due to the oxalate
*{-ion, possibly with a very small contribution from an NTR ion band.
A4.4 Spectra predicted from symmetry considerations
Seven possible arrangements for the oxalate ion were shown in the 
introduction (p.14). The six point groups fall into two types, those 
with a centre of symmetry, D^, C?^  and Cb, and those without a centre of 
symmetry, I>2> D2d anci ^ 2* ^ie ruie exclusion will hold for
point groups having a centre of symmetry, so that it is predicted that no 
coincidences will occur in the Raman and infrared spectra. (For a 
consideration of the complications that can arise due to accidental 
degeneracy, see Appendix 5). The number of predicted bands differ with 
the point group and configuration, as shorn in the table on p. 71 . The 
usefulness of these predictions is limited by the number of bands 
actually observed, and by their correct assignment to symmetry species.
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Number and activities of bands for the oxalate ion under 
different point groups ..................
Point
group
Number and symmetry 
species of the 
vibrational modes
Activity
Total 
No IR 
bands
Total no 
Raman 
bands
Coinci­
dences
D2h A , 2B, , 2B~ , B7 uJ lu* 2u’ 3u
^g ’ B2g5 2B3g
IR
Raman
5 6 None
C2h 4Bu> ^u IR 6 6 None
Planar 5A , B_ g g Raman
C2h 3Bu> 3V IR 6 6 None
Qrair 4A , 2B g g Raman
Ci 6Au
6Ag
IR
Raman
6 6 None
D2 2B^, 3B3B~
4A, 2B^ , 3B£, 3B^
IR
Raman
8 12 8
°2d 2B2, 3E
3A.. , B., . 2B„, 3E 1 ’ 1 '
IR
Raman
5 9 5
C2 I k , 5B 
I k , 5B
IR
Raman
12 12 12
* A is inactive under ,
U  i l l
A4.5 Assignment of fundamental vibrations
In the literature, band assignments have been made on the assumption 
of D2^  symmetry or a reduction in symmetry to I^ d* The solution
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environment does not put severe constraints on the oxalate ion, so it is 
interesting to consider the assignment o£ the observed bands from the 
starting point of very low symmetry and use the observations to indicate 
the highest probable symmetry. Hie observation of polarized and 
depolarized Raman bands, and the polarized Raman bands at 1455 and 1488 
not being coincident with IR bands indicates that the symmetry must be 
sufficiently high for Raman bands to belong to at least two different 
symmetry species and that the totally symmetric bands are IR inactive. 
(Solvent absorption in the IR maslcs the 904 and 448 cm 1 regions, where 
polarized Raman bands also occur, but the 1400-1500 region coincides with 
a solvent window.) This excludes the point groups , C , and C^ .
All of the fundamentals predicted by any of the possible point 
groups have not been observed. Consequently, the total number of 
fundamentals cannot be used to decide the point group. However, the CO 
stretching region can be helpful. The oxalate ion does not have any GHL 
or CHg groups, so the bands between 1300 and 1600 can be assigned to 
vibrations that approximate to CO stretching modes, or to combination or 
overtone bands. Four bands have been observed in this region, at 
1306 (DP) and 1573(DP) in the IR and Raman, and at 1455 (P) and 1488 (P) in 
the Raman only. Four C~0 stretching fundamentals are expected under D^, 
D2 and C^ and three under D^  where two become necessarily degenerate.
The table (p. 7 1 ) shows the symmetries and activities.
It can be seen from the table that the observed pattern of 2R(P), 
2(R+IR) cannot be accounted for by any of the possible point groups.
This indicates that all of the observed bands are not due to fundamentals. 
If one of the polarized Raman bands, 1455 or 1488, is not a fundamental, 
then the pattern for the fundamentals becomes 1R(P),2(R+IR). This can be 
accounted for by either D^ symmetry, with no accidental degeneracy or by
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Symmetries and activities of C-0 stretching vibrations, I to IV
Symmetry and activity 
I II III IV
Total
Point
group No
accidental
degeneracy
One case of
accidental
degeneracy
D2h Ag
R
B,3g
R
B02u
IR
Bnlu
IR
2R(1P,1DP),2IR 1R(P) , HR, 1 (R+IR) or 
1R(DP) ,HR,1 (R+IR)
D2 A
R
B3
R+IR
B2
R+IR
B1
R+IR
1R(P),3(R+IR) 3(R+IR) or 
1R(P) ,2(R+IR)
D2d AI
R
E
R+IR
B2
R+IR
1R(P),2(R+IR) 1R(P),1(R+IR) or 
2(R+IR)
C2h Ag 
Planar R
h
R
Bu
IR
Bu
IR
2R(P),2IR 1R(P),1IR,1(R+IR)
C2h
Chair
Ag
R
Bg
R
Au
IR
Bu
IR
2R(1P,1DP),2IR 1R(DP),lIR,l(R+IR)or 
1R(P),1IR,1(R+IR)
D? symmetry with one case of accidental degeneracy. The B9 and modes
under D0 become necessarily degenerate as an E mode under B„,. B„2 ■ ° 2d 2
symmetry includes any dihedral angle, x, where 0° < x <90°. For low x 
values where the symmetry approaches , the vibrations would not be 
expected to be observed as being degenerate, but the larger the x, and 
so the closer to T>2^  symmetry, the more nearly degenerate these bands will 
become. Also, the observed bands are broad. From the above discussion it 
can be concluded that the oxalate ion has either or symmetry, and 
that one of the polarized Raman bands is not a fundamental. These 
considerations lead to the same two possible point groups expected from
N f491general ideas of the structural chemistry of ionized CO2 groups. J
Hie observed spectrum contains two polarized Raman bands , at 904 and 
448, in addition to those at 1455 and 1488. In the literature the 1488 
band has been assigned to a fundamental, since it is considerably 
stronger than the 1455 band. The 1455 band is much stronger than would be 
expected for an overtone or combination band, unless special circumstances, 
such as Fermi resonance, are involved. Three bands are predicted under 
symmetry and four A bands under D£ symmetry. Hie lowest frequency 
A band, (D2), corresponds to a band. This is described as the C-C
torsional vibration. It is expected to occur at very low frequency, so 
the observation of three bands assigned to totally symmetric fundamentals 
cannot be used to decide between D2 or D2^ symmetry. The 904 band is 
assigned to a C-C stretching vibration and the 448 band to a symmetric CO2 
angle deformation. These descriptions should be considered as being very 
approximate, as considerable mixing will be expected to occur. The
(IV)calculations of Bardet and Fleury indicated that 'the C-0 stretching 
vibration was nearly pure, whereas the C-C stretching and CO2 deformation 
modes were considerably mixed.
The following discussion is summarised in the table on p. 75 . The 
highest two of the four depolarized bands are assigned to C-0 stretching 
vibrations. Hie 1575 band can be assigned to the degenerate E mode, v7, 
under D2^ or to the accidental degeneracy of the B2 and B-. modes, v7 and 
vj0j under D2. The 1306 corresponds to v5, B2, under D2^ or to V5, B^ , 
under D2.
The bands at lower frequencies are not readily assigned, and mixing 
necessitates that any description be considered very approximate. The 
band at 764 has a higher frequency than is usually expected from a CO2 
rocking or wagging motion, so it is assigned to the CO2 asymmetric angle
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deformation, v6, B2, under D^, or B^ , under D2> The position of the 305 
band suggests that it could be a recking or wagging mode of the CO2 group. 
The two rocking and the two wagging modes are all of different symmetry 
species under D? but they become two E type modes under D,^ . It is 
probably best described as a wagging mode. (In the assignment of the 306 
band, the spectra of the solid oxalates were also considered. They show 
a strong IR band and a Raman band in the region 500-600 cm-1. It seems 
likely that the rocking vibrations would be best ascribed to these bands. 
No equivalent bands were found in the spectra of solutions, see p. 237.)
Oxalate ion fundamental assignments
Assignment
requency Activityobserved P
Band
no.
D2d
Symmetry Band
no.
D2
Symmetry
Approximate
description
1573 IR+R DP V7 E
(V7
c
(yio
B2
B,O
Cva(c-0) 
v (C-0) ( a
(v3 (C-0)
1488 R P Vi A1 Vi A vsCC-0)
1306 IR+R DP V5 B2 V5 Bi vaCC-0)
904 R P V2 A1 V2 A v(C-C)
764 IR+R DP Ve B2 ;V6 B1 6a(c°2)
448 R P v 3 A1 V3 A 6s(C02)
305 R DP V9 E
(v9
(
(V12
B2
B3
Cm (C°2) 
w(C02)(a Z 
' CcosCC02)
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For the most concentrated solutions a very we ale band was observed 
at about 1740, on the wing of the water bending mode. As previously 
mentioned this could be due to the presence of a species other than the 
free oxalate ion, as depression of freezing point data indicates that a 
considerable quantity of the dissolved material is not present as free 
ions. For a 0.50 molar solution the freezing point lowering, At/N, is 
4.18°C.^^ The molal freezing point constant for water is 1.86°C. If 
the ionization is assumed to be
K2C2O* 2K* + CzO.,2-
then for a 0.5 molar solution the depression of freezing point would be 
expected to be 5.58°C, so the observed value is about 75% of the maximum 
possible value. This suggests that the other species, which may be 
considered to be ’ion-pairs’ could be present in. sufficient quantity to 
be observed in the spectrum. For aqueous solutions of the acid oxalate 
ion a band is observed at about 1720 and for oxalic acid at about 1750 
(see pp. 90 and 119) • ■
It is also possible that the band at about 1740 could be the overtone 
of the very strong 900 band. The weakness of the 1740 band and its 
location on the wing of the water band make its exact position rather 
doubtful, but this assignment would require the anharmonicity to account 
for about 60 cm 1 shift from 'the 2(900) = 1800 position.
A4.6 The 1740 Raman band
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It has been shown above that one of the two polarized bands in the 
C-0 stretching region cannot be assigned to a fundamental. However, it 
is very difficult to find an explanation for it.
Ito and Bernstein assigned it to the combination V9 + v5, under
D2h symmetry. They observed from the F and G matrices shown by
Shimanouchi et al that for a molecule the ratio of the product of
of the two B, frequencies to that of the two B0 frequencies was a
function of the masses and the geometry only and independent of the force
constants. However, this only applies to molecules of the type in
D2h symmetry. Also, these force constants do not agree with a later
paper of Shimanouchi et al in which the ratios were not independent of
the force constants. For a molecule B~ and become degenerate as2d 2u 3g 45
two of the E modes and the third E mode must also appear in the same 
matrix when the secular determinant is factorized. Similarly, for D2 
symmetiy the out-of-plane B7 and B„ modes come into the same matrix as 
the B2 and B^  matrices, respectively. Since it is generally agreed that 
the oxalate ion is non-planar the calculation of Ito and Bernstein cannot 
be expected to be useful. Also, 160 is somewhat lower than would be 
expected for a C0 2 rocking mode.
r?7^The Hester and Plane assignment of the 1455 band to a C02 wagging 
mode is, because of the high frequency, obviously untenable.
Begun and Fletcher, and following them Bardet and Fleury, 
assigned the 1455 band to the overtone of the 764 band that had been 
shifted and intensified by Fermi resonance with v7. For Fermi resonance 
to occur, it is necessary that the vibrations should have the same 
symmetry. The depolarization ratio of v7, observed at about 1573, is 
difficult to measure precisely (due to the close proximity of other bands)
A4.7 The 1455 band .
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but it is at least 0.7 and probably completely depolarized. It would be 
very unexpected for it to be polarized, since under D^, D2(j or D2 
symmetry only one totally symmetric C-0 stretching vibration is predicted 
and the 1488 band is clearly polarized. Furthermore, the 1573 band 
appears in the IR spectrum. Conversely, tire 1455 band is polarized, and 
does not appear in the IR. These observations show that the .1573 and 
1455 bands are of different symmetry and so they cannot perturb each 
other by Fermi resonance. -
From the above it can be seen that none of the literature assignments 
seems to be correct. Since the 1488 band is the stronger it has always 
been assigned to the fundamental and the 1455 band to the non-fundamental 
band. This is in accord with the accepted principles of assignment. If 
the 1455 band is polarized then it must be totally symmetric, and so be 
assigned to a first overtone of a band of any symmetry species or a 
combination or difference band composed of totally symmetric vibrations 
or degenerate vibrations. The nearest band that can be calculated is the 
overtone of the 764 band, 2 x 764 = 1528. If the 1488 band was taken as 
the non-fundamental, then this would involve a lowering of twice the 
fundamental value by 30 cm-1. This is considerably more than the usual 
anharmonicity lowering, and although it can be argued that the terms that 
are responsible for tire anharmonicity are also those responsible for the 
intensity of an overtone band, it seems very unlikely that this could 
account for the intensity of the 1488 band.
The 764 Raman band is also one of the weakest bands detected, so it 
would not be expected that its overtone would be strong, unless Fermi 
resonance were invoked. The question then becomes, Fermi resonance, with 
which band? The other totally symmetric bands were observed at 448, 904 
and 1455. If no allowance is made for anharmonicity, then tire overtone
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unperturbed position would be expected to be 1528. The observed position 
of 1488 requires a Fermi resonance perturbation of about 40 cm 1 to lower 
frequency. Concomitantly, the second band involved in the Fermi 
resonance would be expected to occur about 1568. The only band observed 
in this region is the non-totally symmetric C-0 stretch, and so of the 
wrong symmetry to interact. It does not seem reasonable that 
anharmonicity would lower the unperturbed position of the overtone to 
1471. If this occurred then it would be possible for it to interact with 
the highest frequency totally symmetric fundamental if the latter's 
unperturbed position was also about 1471. However, the very small shifts 
of about 17 cm 1 must also be accompanied by extensive intensification of 
the overtone band. This would usually be associated with a larger 
repulsion of the perturbed levels. The above reasoning uses simple Fermi 
resonance ideas, but it is possible for the overtone or combination band 
to become stronger than the fundamental.(52a,52b)
It was shown in Section A4.6 (p. 76 ) that the most likely explanation 
of the very weak 1740 band is the presence of species other than the 
oxalate ion in solution. It is not possible to decide if the second 
species is the HC204 ion or the oxalic acid molecule, and possibly both 
could be present. Ion pairing should also be considered. Solutions of 
the acid oxalate ion and oxalic acid do show the presence of a polarized 
band at about 1450, but its intensity is about the same as that of the 
band in the 1725-1740 region, whereas in the spectrum of the oxalate ion 
the band about 1740 is very weak, but the 1455 band about forty times as 
intense as the 1740 band. Thus it is not possible to account for the 
1455 by the presence of either HCaOi*- ions or oxalic acid. Calculation 
shows barrier to internal rotation to be about 12.4 kcal mole 1 CO-54 eV), 
but since the ion is symmetrical, and only one strong unassigned band has
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been observed, it is not lilcely that the 1455 band can be associated with 
any sort of rotational isomerism.
The above discussion shows that although all the literature 
assignments can be shown to be untenable, it is not possible to find an 
alternative explanation for the two polarized bands at 1455 and 1488.
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B. The Acid Oxalate Ion in Solution
B1. Introduction
Few studies of the acid oxalate ion have appeared in the literature 
and these have usually been mainly concerned with the oxalate ion or 
oxalic acid. No general assignment of the acid oxalate ion bands has 
been attempted.
The Acid Oxalate Ion
The symmetry of the acid oxalate ion can be or by the following 
arrangements:
Cs .
(a) If the ion is completely planar
(b) If the two C-0 distances of the -CO, part of the ion are
equivalent and the dihedral angle is 90°.
Ci '
(c) If 'die two C-0 distances of the -C02 part of the ion are not
equivalent and the dihedral angle is 90°.
(d) If the -C02 part of the ion is at a dihedral angle not equal to 
90°.
(e) If the ion is planar except for the hydrogen atom being out of 
the plane.
(f) If combinations of c-e above occur.
It can be seen that the low symmetry of the acid oxalate ion limits
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the information that can be obtained by symmetry considerations. However, 
cases a and b do not give rise to the same number of A' and A" modes.
Also, if the symmetry is C , the Raman bands can be polarized or 
depolarized.
In this study an attempt has been made to observe as many acid 
oxalate bands as possible and assign these bands. Acid oxalates are not 
very soluble in water, so we ale bands may not have been observed. The use 
of H20 and D20 as the solvent has enabled more bands to be observed and 
also to observe the change in frequency when the hydrogen atom of the acid 
oxalate ion is substituted by deuterium. A plot has been drawn to show the 
relation of observed peak height to concentration.
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B2. Literature Survey •
B2.1 Gupta (1936)
(5)Guptav considered the acid oxalate to stand intermediate between 
oxalic acid and the normal oxalate. This paper was primarily concerned 
with the changes in the observed spectrum on complex formation. No 
assignment was given for the acid oxalate ion.
Observed Raman bands of potassium 
acid oxalate aqueous solution
Position (Relative intensity)
1715 CD
1635 (lb)
1440 CD
1310 (0)
870 (!)
450 . (!)
B2.2 Steigman, de Iasi, Lilenfeld and Sussman (1968)
Steigman et al 3^7" recorded the IR spectrum, between 1300 and 
1800 cm 1. of potassium hydrogen oxalate in D20 and in 7.75 M tetra-n- 
butylammonium bromide (n-But,NBr) solution in D20. Spectra of a range of 
acids and their salts were recorded in the study of acid-base reactions 
in concentrated aqueous quartemary ammonium salt solutions. The spectra 
of some acid salts in solution were found, to be accounted for as the sum 
of a mixture of the acid and its neutral salt, but the acid oxalate 
spectrum was distinct. .
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Observed IR spectrum of potassium 
hydrogen oxalate, 1500-1800 cm"1
D20 n-Bu^ NBr 
7.75 M in D20
Assignment
(1766)
1718 1736  ^ Vc-o
1700 1711
1634 1643 v coo"
1418 1400 v coo" Csym5
Steigman et al consider that the acid oxalate ion presents a special 
case. Hie ratio of the dissociation constants of the acid were found to 
be practically the same in water and in 7.75 M n-BuijNBr. The difference 
in the carbonyl frequency between oxalic acid and the acid oxalate ion 
and the difference in the asymmetric carboxylate frequency between the 
acid oxalate and the oxalate ions were found to be the largest for the 
range of compounds studied. The n-Bui,NBr solution in D20 was considered 
to have a greater organisation than D20. Steigman et al considered that 
these results could be explained by the formation in the acid ion of a very 
strong intramolecular hydrogen bond which would be unaffected by the extent 
of organisation of the solvent around it, but they had reason to believe 
that such a hydrogen bond could not be formed in the ion. Their reason 
for this belief -was,
"The crystal structure of KHC2Ctwas partly elucidated by Hendricks.
From his data it was possible to calculate the various distances and 
angles in the anion, which is planar. The tiro oxygen atoms between
owhich an intramolecular hydrogen bond must be formed are about 2.9 A 
apart, which is a little beyond the upper limit of known O-H-O 
linear distances. However, the bond cannot be formed in a straight
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line between them. If it is assumed that there is a normal 0-H bond 
distance on one carbon atom at a C-O-H angle of 120°, the distance 
between the hydrogen atom and the oxygen atom of the second carbon 
atom is 2.5 (the expected van der Waals distance) and, furthermore, 
the angle between them does not permit any interaction with the 
appropriate oxygen orbital. The situation is not improved by placing 
the hydrogen midway between the two oxygen atoms in a bent hydrogen 
bond. The O-H-O angle is then 120°, and in addition the contour 
length of the hydrogen bond is at least 3.5 A final decision 
cannot be made until a more precisely measured anion structure is 
made, but certainly an intramolecular hydrogen bond is not possible 
in the light of presently available knowledge. The difficulty could 
be resolved by the formation of a stable dimeric acid anion in solution 
with two internal hydrogen bonds. However, an analysis of the 
electrical conductivity of sodium hydrogen oxalate in water shows, 
after appropriate corrections, that it behaves like a 1 : 1 electrolyte, 
and not like a 2 : 1 electrolyte. Furthermore, the molal freezing- 
point depression of aqueous potassium acid oxalate solutions is quite close 
to that of potassium bicarbonate at almost equivalent concentrations, 
and it is markedly different from those of K2C20i< and IC2C03 (which in 
turn are almost the same). It is concluded that the acid oxalate ion 
is predominantly or entirely monomeric in water."
Steigman et al conclude that the frequency differences between the 
carbonyl of oxalic acid and the acid oxalate ion and between tire asymmetric 
carboxylate frequency of the acid oxalate ion and the oxalate ion are 
possibly due to electrostatic forces.
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It is evident that very little consideration has been given to the
• (37)acid oxalate ion in solution. Steigman et al have assumed that the
• (531acid oxalate ion is planar in solution, as Hendricks found it to be
planar in the crystal. (Later studies, however, showed that Hendricks
(54)was wrong, e.g. Einspahr, March and Donohue .) The study of the 
oxalate ion in solution has shown the idea of necessarily retaining the 
crystal symmetry in solution is incorrect.
B2.3 Summary
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B 3. Experimental
The IR and Raman data were collected in the manner previously 
described for studies of the oxalate ion in solution.
Potassium hydrogen oxalate aqueous solutions were prepared at 
concentrations ranging from 1 g in 100 ml solution to saturated, about . 
4 g in 100 ml of solution. Potassium deuterium oxalate was prepared by 
repeated recrystallization (by cooling) from D20, until the IR powder 
spectrum indicated a high proportion of exchange had been effected. An 
approximately saturated solution in D20 was prepared of 'the deuterated 
compound.
Since potassium hydrogen oxalate is not very soluble in aqueous 
solution, most Raman spectra were run without the use of the interference 
filter, as this reduces the incident intensity by almost 50%. The 
maximum stable output from the laser for extended runs was about 1 watt, 
but it was possible to record small portions of the spectrum at about 
2 watts. The 1350-1550 region of the Raman spectrum was subjected to 
deconvolution using the Dupont 310 curve resolver. The signal to noise 
level was too low in this region for deconvolution by the PDP-8E computer 
to be used.
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B4. Results and interpretation 
B4.1 Observations
Observed bands for potassium hydrogen oxalate aqueous solution
IR Raman
H20 D20 H20 pH20 D20 PD20
1715 (mw) 1725 (33)* 0.1 1722 (58)* 0.1
1695 (vw)
1643 (18) 0.5
1488 (ew) 1487 (ew)
1445 (30) 0.3
1403 (vw) 1412 (35) 0.2 1420 (100) 0.2
?1370 (vw) 1380 (31) 0.2
1302 (mw) ?1306 (ew) 1307 (11) 0.3 1310 (ew)
1237 Cm) -1260 (ew) 1244 (5) ~0.4 -1268 (16) sh -0.1
1060 (w) 1062 (4) v. small
903 (ew) 893 (ew)
850 (w) 870 (100) 0.0l} 851 (89) 0.1
725 (14) ~0.0u 681 (13) v.small
452 (42) 0.4 447 (41) 0.3
-k Average relative intensities, recorded under the conditions [Z(XX)Y].
Complete deuteration was not achieved, but sufficient exchange was 
obtained to make the vibrations involving substantial displacement of 
the hydrogen atom apparent. The most obvious changes were the appearance 
of a band at 1062 and the disappearance of bands between 1300 and 1450 in 
the Raman spectrum of the deuterated compound.
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The 1643 Raman band in D20 solution is at about the same place as
the HOH deformation of H20, but it is believed to be due to the acid
oxalate ion in D20 solution as the band is sharper than observed in the 
region for H20 solutions. Also, if the intensity of this band is compared 
with the intensity of the 3200-3500 region of solutions in H20 and D20 
then it is apparent that it is much stronger than could be accounted for 
as arising from residual water. It is k n o w n t h a t  the solution of 
electrolytes in water increases the intensity of the HOH deformation 
vibration, so it was not possible to assess any contribution to this 
region in H20 solution from the acid oxalate ions. It is not possible 
to decide if the IR band at 1632 in D20 solution is due to residual water 
only, or whether there is a contribution from a vibration of the acid 
oxalate ion. Similarly, it is not possible to decide if the 1450 IR
band is entirely due to the HOD deformation or whether there is a
contribution from an acid oxalate vibration.. The 1420 Raman band in D20 
is much stronger than the 1412 band observed in the Raman spectrum in 
H20 solution, but comparison with mixtures of a little H20 in D20 
suggests that the HOD is a much wider band that can be compensated for 
by the choice of an undulating base-line.
The low solubility of potassium hydrogen oxalate in water limits 
the signal to noise ratio that can be obtained for a range of 
concentrations, and hence the accuracy of peak height relative to 
concentration. It is possible to obtain a rough plot of peak height 
against concentration for the most intense band at 870. Another factor . 
limiting the accuracy of such a plot is the presence of ions or molecules 
in the solution other than the acid oxalate ion. In regions of the 
spectrum where the oxalate ion has a strong band, but where it is 
probable that the acid oxalate ion does not, very weak bands are found 
that can be accounted for most readily by a small quantity of the oxalate
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ion being present (see Section B4.3 below)
corrected 
peak height 
(mm)
molar concentration
Potassium hydrogen oxalate in H;0. To show the correlation between j 
the corrected peak height of the 870 Raman band' and acid oxalate- I
concentration. J •
B4.2 Spectra predicted from symmetry considerations
The two possible symmetries, C and C-,, for the acid oxalate ion 
are shown in the introduction. The two arrangements possible for Cs 
symmetry give rise to slightly different spectra being predicted.
It can be seen from the table below that identification of non- 
totally symmetric bands can distinguish between Cg and configurations. 
The table also shows that low intensity or solvent interference are the 
causes for bands not being observed in the IR and Raman.
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Number and activities of bands for the acid oxalate ion 
under C,. and Cj
Point
Group
Number and
symmetry
species
of the
vibrational
modes
Activity
Total
no.
IR
bands
Total
no.
Raman
Bands
Coincidences
Cs
planar
11 A’, 4 A” IR and 
Raman
15 15 15
Cs
non-planar
10 A', 5 A" IR and 
Raman
15 15 15
C1 15 A IR and Raman
15 15 15
B4.3Ca) Assignment of fundamental vibrations
None of the observed bands have a depolarization ratio approaching 
0.75, so the point group of the acid oxalate ion in solution may be . 
However, not all bands have been observed. For the oxalate ion, the C-0 
stretching vibrations could be used to indicate the possible symmetries, 
but for the acid oxalate ion the symmetry is much lower and the totally 
symmetric or non-totaliy symmetric character of the vibrations depends 
upon their behaviour with respect to the plane of symmetry, Thus the 
out-of-plane vibrations, (o.o.p.), will indicate if the ion symmetry is 
Cs or C-,. Unfortunately, except possibly for the OH o.o.p. deformation, 
these are expected to occur at low frequencies where bands have not been 
found in this study.
The very weak bands observed at about 1488 and 898 are assigned to 
the spectrum of a small amount of oxalate ion present in the acid oxalate 
ion solutions. The band about 1307 is probably also due to the oxalate
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ion. It is more intense than might be expected and the depolarization 
ratio is less than would be expected from that observed for the oxalate 
ion in solution. Both of these factors are probably influenced by the 
overlapping of the 1307 band, in acid oxalate ion solution, by other 
stronger bands. This explanation for the lower depolarization ratio 
seems more likely than the alternative explanation that the forces present 
in the acid oxalate solution are such that the oxalate ion has its 
symmetry reduced to such an extent that the Blu band, under D^, has 
become totally symmetric. It might also be suggested that some sort of 
loose complex could occur between the oxalate and the acid oxalate ions 
that affected the symmetry without appreciably affecting the band 
positions.
B4.3(b) The region above 1200 cm"1 •
Four C-0 stretching vibrations are expected to be observed in the
region above 1200 cm 1. These can be assigned to the bands at about
1720, 1643, 1414 and 1250. The 1643 band is observed in the Raman
spectrum in D20 solution. As discussed previously, it is believed that
this is a ’genuine* band of the acid oxalate ion, not due to residual
H20, although the latter may make some contribution. The close proximity
of the oxygen atoms must lead to normal modes in which all of the atoms
are involved, but the positions of the bands at 1720 and 1250 can be
f 55cOcompared with the usual rangev aJ of 1800-1740 for tire C=0 stretch and 
1190-1075 for the C-0 stretch of monomeric carboxylic acids, and 
1740-1680 and 1315-1280 for acid dimers. (The C-0 stretching modes are 
usually considered to be coupled to the OH deformation.) Similarly, tire 
positions of the 1643 and 1414 bands can be compared*'5^  with C02 
asymmetric and symmetric stretching regions for salts, 1650-1550 and 
1440-1360 respectively.
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Solvent interference precludes the observation of the OH stretching 
vibration. Hie OH in-plane deformation is expected to occur ^  5 5 5b)
the region about 1380-1280 for monomeric acids and 1440-1395 for dimeric 
acids. For the C-0 stretching vibrations, the observed bands at 1720 
and 1250 were closer to the expected range for the dimeric acid than 
the monomeric, so it is likely that the OH deformation will be closer to 
the expected range for the dimer than the monomer. The closer frequency 
correlation between the acid oxalate ion vibrations related to C=0 and 
C-0 stretching modes of a dimeric acid is not taken as an indication of 
any dimerization of the acid oxalate ion in solution, but rather that 
the closeness of the C02 group and general solution effects have resulted 
in a similar modification to the frequencies of the vibrations as occurs 
on dimerization. Thus either of the bands observed at 1445 and 1380 in 
the Raman spectrum of the acid oxalate ion in water is a possible choice 
for the OH deformation. In D20 solution neither of these bands is 
observed, but a ’new' band appears at 1062. The isotopic ratios are 
1.36 and 1.30 for the simple ratioing of 1445 and 1380, respectively, to 
1062. Since only five bands are expected in the region between 1800 and 
1200 it is probable that one of the 1380 and 1445 bands is not a 
fundamental. Furthermore, only one band is expected to show a pronounced 
isotopic shift. When an alternative explanation is sought for both of 
these bands, the assignment of the 1445 band to the overtone of the 725 
band, intensified by Fermi resonance, is the only obvious alternative.
The average frequency of the 1412 and 1445 bands is about 1429, so that, 
allowing a few cm-1 for anharmonicity, this is very close to the expected 
position of the 725 band overtone. The relative intensities of the 1445 
and 1412 bands are 30 and 35, compared with the 870 band intensity of 
100. However, in D20 solution the 1420 band is the most intense in the 
spectrum. (The frequency change of 1412 to 1420 is not considered to bo 
significant as most bands are not at the same frequency in water and D20
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solutions. Relative intensities also vary between the H20 and D20 
solutions, but not usually to such a marked extent, unless band overlap 
occurs, e.g. the 1244-1268 band.) The above assignment of the 1445 band 
also explains its disappearance on deuteration. Hie 725 band is con­
sidered to shift to 681 on deuteration. The overtone of the 681 band 
would be expected at about 1340-1355, which is at least 65 cm-1 from 
the nearest band at 1420. The 1695 band is assigned to the overtone 
2(851) = 1702.
B4. 3 (c) Hie region below 1200 cm 1
The very strong bands observed at 870 in water and 851 in D20 are 
assigned to a vibration that is essentially a C-C stretch. Hie lower 
frequency vibrations cannot usually be considered to be ’pure' so the 
frequency shift may reflect mixing changes on deuteration. The band 
observed at 452 in water and 447 in B2G can be assigned, approximately, 
to a C02 angle deformation.
As discussed above, the 1062 band, observed in D20 only, can be 
assigned to the OD in-plane deformation. Deuteration shifts the 725 band 
to 681. This band can be assigned to the deformation of the C02H group.
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Acid oxalate ion fundamental assignments
Frequency
h2o* d2o*
P Band**number
Approximate
description
1725 1720 0.1 v2 v(C=0)
1643 0.5 V 3 va(C0)
1410 1420 0.2 Vi* vs(CO)
1375 1061 0.2 V 5 6(OH) and 6(OD)
1241 -1264 -0.3 v6 v(C-O)
870 851 0.1 V8 v (C-C)
725 681 -O.Ou V9 6 (COOH) and 6(COOD)
452 447 0.3 V i 0 <S(C02)
* For activities see p.90
■k * The numbering assumes that the v(OH) band is Vi, the OH out-of-plane 
deformation band has not been observed* but would occur between 1241 
and 870 and that the ion has (b symmetry,
B4„3(d) The symmetry of the acid oxalate ion
From the observed bands it is not possible to assign the symmetry as 
Cs or C-^. It is unfortunate that the OH out-of-plane deformation was not 
observed* since this would be a totally symmetric vibration for the C-^ 
point group but a non-totally symmetric vibration for the Cg point group. 
The low frequency out-of-plane C02 and C02H vibrations would also indicate 
the point group. A planar ion would be most favourable for intramolecular 
hydrogen bonding whereas the non-bonded oxygen atoms are furthest apart 
when the dihedral angle is 90°. MINDO 3 calculations indicate that the 
most energetically favourable configuration is non-planar (see Appendix 6) .
- 98 -
C. Oxalic acid in solution
Cl. Introduction
A few studies have been carried out on the spectrum of oxalic acid 
in aqueous solution and too authors have observed the spectrum in 
methanolic solution.
The hydrogen atoms of the oxalic acid molecule may be directed away from 
the oxygen atoms on the second carbon atom, as (a) above, or they may be 
directed towards them (b). (The too possibilities have been considered
possible geometries for the molecule, assuming that both acid groups are 
identical. For (a) and (b) ‘the point group is the same if both hydrogen 
atoms are arranged in the same way. Additional point groups are possible 
if the hydrogen atoms of the too acid groups aie differently arranged in 
space. It is assumed that the C--0 bond lengths and the O-C-O angles of the 
too acid groups are the same.
II
H'
Oxalic acid
(a) Cb)
in the gaseous phase by St ace and Oralratmanee1'77) .) There are five
The molecule is completely planar, with the too acid groups 
identical and arranged trans to each other.
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The molecule is completely planar, with the two acid groups 
identical and arranged cis to each other.
3. C2
Both acid groups are identical and planar but there is twisting 
about the C-C bond. This can happen in three ways.
(i) The dihedral angle is a where a is 0 < a < 90° and in the
limit of a -*■ 0° the molecule would have the acid groups
trans to each other. The C^ axis bisects the angle a. Let 
this be C^  (a).
(ii} The dihedral angle is g where B is 0 < g < 90° and in the
limit of g 0° the molecule would have the acid groups
cis to each other. The C,, axis bisects the angle g. Let
Li
this be C2 (g). .
(iii) The dihedral angle is 90° and C? (a) and C2 (g) are 
equivalent.
The two acid groups are trans and planar, but in two parallel 
planes, i.e. chair conformation.
5. C2
The two acid groups are cis and planar, but the molecule is in 
a chair conformation.
6. Cs
Tire molecule is planar, but the hydrogen atoms are not arranged 
in the same way. The oxygen atoms can be cis or trans to each 
other.
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The molecule is trans and the carbon and oxygen atoms are co-planar, 
but the hydrogen atoms are out of the plane by an equal amount on 
opposite sides of the plane.
8- C 2  .
The molecule is trans and the carbon and oxygen atoms are co- 
planar, but the hydrogen atoms are out of the plane by an equal 
amount on the same side of the plane.
9c Cz
The molecule is cis and the carbon and oxygen atoms are coplanar, 
but the hydrogen atoms are out of plane by an equal amount on 
opposite sides of the plane (this Cy axis is not the same as 
case 8 above).
10 ‘ Cs
The molecule is cis and the carbon and oxygen atoms are coplanar, 
but the hydrogen atoms are out of plane by an equal amount on 
the same side of the plane.
11. c x
Hie molecule is cis or trans and the oxygen and carbon atoms are 
coplanar, but the hydrogen atoms are out of plane by different 
amounts.
12.
Any non-planar arrangement of the carbon and oxygen atoms when 
the hydrogen are not arranged in the same way.
Oxalic acid is known to be considerably dissociated in aqueous 
solution but no IR or Raman studies have been done to consider the spo .tral
effects of dissociation. In the present study an attempt will be made to
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identify bands belonging to the ionised acid by the use of different 
solvents and suppression of ionisation in aqueous solution by acidification.
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C2. Literature Survey
C2.1 Siva Rao (1935)
Siva Rao was the first person to publish a paper on the spectrum 
of oxalic acid in aqueous solution. He is the only person to have 
attempted to study oxalic acid in the molten state -under pressure, but he 
was unsuccessful due to decomposition and the formation of bubbles.
Observed Raman spectrum of oxalic acid in aqueous solution (2.2 N)
Frequency Assignment
1744 (3) b internal vibration along C=0
1656 CD b internal vibration along C=0
1430±30 (00) b & d internal vibration, due to OH
845 (3) b external vibration, along C-C
673 ? (00) external vibration
480 (2) b external vibration
248 ? sp
Siva Rao considered the observed spectrum could be assigned to 
external and internal vibrations. The external vibrations arose from the 
vibration of the first CO^ H group against the second CO^H group of the 
molecule along tire C-C bond. The internal vibrations arose from the 
■vibrations of atoms against each other in a CO^ H group. He distinguished 
three sorts of internal vibrations; vibrations of 0 and H against each 
other in the OH group, vibrations of C and 0 atoms against each other along 
the double bond of the carbonyl group, and vibrations of C and 0 against 
each other along the single carbonyl bond.
Siva Rao compared the spectral changes of the bands assigned to 
internal vibrations of the OH group and the carbonyl group in a variety of
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alcohols, fatty acids and water. Hie appearance of a band at about 1430 
for alcohols and fatty acids lead to the assignment of the 1430 oxalic 
acid band to a OH group. The appearance of bands at 1656 and 1744 was 
believed to indicate that the C=0 bonds of the two CO^ H groups were not 
identical,
C2.2 Hibben,and Angus and Leckie (1935-36)
f571 f581The conflicting results of Hibben and Angus and Leckie led
to controversy. Hibben studied Raman spectra of oxalic acid in
water and in methanol and compared his results with those of Siva
Rao, Angus and Leckiestudied the Raman spectrum of oxalic acid
in water.
Observed Raman spectra of oxalic acid in solution
Hibben^ ^ Angus and Leckie^®
Methanol Water Assignment Water
1755 (s) 1740 (s) C-0 1749
1684
1645 d CO 1647
1460 d
1375
1310 (w)
850 (s) 842 (s)
495
453 (m)
403 (m) 395 (m)
The above table indicates that the solution phase results of Hibben 
and Angus and Leckie were different for several of the bands, but the main
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difficulties that lead to the controversy were concerned with the solid 
phase spectra.
(57)Hibben found that identical results were obtained for solutions 
in methanol and solutions in methanol with up to 10& added water. Commenting 
on the observation of two bands at 1645 and 1740 in aqueous solution and 
one band at 1755 in methanol, Hibben wrote,
"There appear, however, from these- results certain salient facts that 
are beyond any experimental rationalization, namely, there are 
apparently two definite frequencies in the aqueous solution of oxalic 
acid which are normally attributed to the C=0 oscillation and which 
become a single frequency in the alcoholic solution, and these same 
frequencies are radically diminished in intensity, if not extinct, 
in the hydrated crystal." ...... "In aqueous solution one carbonyl
group behaves normally but the interaction between two closely 
situated carbonyl groups results in one carbonyl group having more 
nearly the characteristics of an aldehyde, ketone or ester carbonyl 
than that of the usual acid. In alcoholic solution both carbonyl 
groups behave abnormally. In any case, in solution the influence of 
one carbonyl on the other is to increase the force constant between 
the carbon and oxygenctoms of at least one carbonyl group. This is 
similar to the action of any other negative substituent group and is 
direct evidence for the classical explanation of the strength of 
this acid." (For further comment on these results see the literature 
summary.)
(58)Angus and Leclcie did not assign their observed bands.
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C3)Gupta summarised earlier work on oxalic acid and oxalates and 
tried to explain the discrepancies in the context of ionisation of the 
carboxyl group. Gupta studied aqueous solutions of potassium and ammonium 
oxalate and oxalic acid.
C2.3 Gupta (1956)
Observed Raman bands of oxalic acid aqueous solution
Frequency Assignment
1740 (4) CO
1631 (2) b antisymmetric vibration of Hantzsch COOH
group
1459 (1)
1372 Q) b symmetric vibration of Hantzsch COOH
group
847 (4)
450 (2) ■
The Hantzsch model Cx pH structure of the acid group was believed
°'to be largely converted to the normal Cv form in aqueous solution.
OH
The breadth of the 1372 baud was accounted for by the presence of a 
small percentage of oxalate ions, so that it was caused by the presence 
of two lines at 1310 and 1360, Gupta explained Hibben's observation 
of a strong band at 1755 and the disappearance of the bands at 1310 and 
1620 in methanol solution by assigning the 1755 band to the C=0 grouping, 
which was present in methanolic solution but absent when dissociation 
occurred, being replaced by the 1310 and 1620 bands.
C2.4 Edsall (1957)
Edsall^ 11) examined the Raman spectra of a large number of amino
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acids and related compounds. The spectral changes between the acids and 
their salts were explained by ionisation. (His spectrum of potassium 
oxalate has already been discussed,, see p. 21 ).
•kObserved Raman spectrum of oxalic acid aqueous solution (81)
Frequency Assignment
1753 (6) b un--ionised carboxylic group
1652±35 (2) vb
1476 (D b
1395 (00) b weakness indicates un-ionised
852 (6) shifted by ionisation
464 • (3) b deformation of molecular framework
These values are taken from his Table V, and differ from his
Table IV.
The 464 band, unlike the others observed, was essentially unaffected
by ionisation and so was assigned to a deformation of the molecular
framework. The 1753 band was associated with an oscillation of the C=0
bond and, since it was found to be nearly independent of the length of the 
0
attached hydrocarbon chain, the other parts of the molecule were considered 
to undergo little displacement relative to each other. The weakness of 
the 1395 band was taken as an indication of an un-ionized carboxyl group. 
Hie 1652 band may have been one of the bands that "arise largely from the 
water used as solvent". No depolarization ratios were given.
C2.5 Marignan and Bardet (1951), and Bardet (1952)
Marignan and Bardet and Bardet were the first workers to 
consider the spectrum of oxalic acid in solution with respect to the
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possible symmetries of the molecule in solution. (The paper of Marignan 
(60)and Bardet is based on the study described in the thesis of Bardet 
presented in 1952.) The Raman spectrum, with depolarization ratios, were 
recorded for oxalic acid in aqueous solution.
Observed Raman bands of oxalic acid aqueous solution
Frequency P Assignment, under
1761 (s ) 0.6 Ag C=0 stretch
1647 (w) b 0.6 H20 probably
1469 (s ) b 0.5 Ag C-0 stretch
850 (vs) 0.24 Ag vibration of C-C bond
724 (w) 0.6 Ag CO2 rock
575 (vw)
449 (S) 0.7 Ag vibration of C-C bond
It is apparent in the Bardet thesis, but not explained in the paper, 
that the oxalic acid molecule was considered as a hexatomic structure, 
the OH being considered as one atom. Four possible symmetries were then 
proposed for the hexatomic molecule:
°2h
Planar molecule, with all CO bonds identical.
CO bonds identical but the molecule non-planar in a chair form.
CO bonds not identical and molecule trans planar.
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CO bonds not identical, trans molecule in chair form.
The first two possibilities were rejected because the 1761 band was 
considered to be typical of a C=0 bond, which was not compatible with all 
the CO bonds being equivalent. The five bands assigned to fundamental 
vibrations were all polarized and were able to be explained by either C2h 
(case 3) or CL (the 575 band was not considered to be a fundamental).
They expected the sixth Raman fundamental to occur at about 300 cm 1, but 
they were unable to observe it. This would have been totally symmetric in 
the Ch case but non-totally symmetric under CL,},* Bardet and Marignan did 
not find it necessary to reject the possibility of a non-planar oxalate 
group, but they decided that it was logical to assume that it was 
practically planar, in agreement with X-ray diffraction spectra.
Bardet deduced the vibrational modes of the hexatomic molecule by 
considering the three vibrations of a bent triatomic molecule, together 
with three translations and three rotations. Each of the nine modes was 
associated with the. same mode once in-phase and once out-of-phase to give 
a total of eighteen modes, twelve of which were identified as vibrational 
modes.
The twelve vibrational modes of the hexatomic molecule are illustrated
in Fig. 3 of the Bardet thesis. ' These are not an acceptable set, for
instance, among other faults, it is obvious that one of the modes includes
a translation and another a rotation. I believe the hexatomic approximation
to be misleading. With this approximation has five k a and one B^ bands
that are expected to be Raman active, and CL has six bands. The symmetry
of the sixth band was considered to be a decisive factor, if it could have
been observed. However, if the full eight atoms are considered then tlr re
are 7A and 2B modes under CL, and 9A under C.. Whilst it may be oossible g g 2h g l /
to completely ignore the presence of the hydrogen atoms from some 
considerations, the Marignan and Bardet exposition would have been more 
satisfactory if they had been considered at some time. Their assignment 
of the band observed at 1647 to the water symmetric deformation mode 
shows that they realised that OH bending modes should be expected in a 
similar region to oxalate fundamentals, but they seem to have completely 
ignored this in their hexatomic approach to the symmetry of oxalic acid.
Bardet referred to the analogy between the C204 and N204 groups.
(35) Q2)She stated that Gupta and Douville, Duval and Lecomte ' had
remarked that the twelve modes of vibration of the oxalic acid molecule were
able to be identified with those given by Sutherland for the N2CV
(5)molecule. In one of his papers Gupta did refer to a paper of Sutherland
and Dennison, ^  but this was on ethylene, not on the N204 molecule. Also,
Gupta was considering tire oxalate ion, not a hexatomic approximation of
(12)the oxalic acid molecule. Douville, Duval and .Lecomte did make 
comparison with the N2Ch molecule, but again they were considering the 
oxalate ion, not the oxalic acid molecule.
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C2.6 Murata and Kawai (19b6)
(14',Murata and Kawai ' observed the Raman spectrum of oxalic acid in 
methanol, and carried out a normal coordinate analysis.
Observed Raman bands of oxalic acid in methanolic solution
Frequency Assignment
1762 (s)
1457 (s)
852 (s)
590 (w)
432 (s)
Vi Agv2 Ag
V3 Ag
VI, Ag
v5 Ag
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Murata and Kawai compared their Raman bands of a solution in methanol 
with IR bands of a solid sample and found no coincidences. They considered 
this showed oxalic acid to have symmetry. As in the case of the oxalate 
ion, they did not consider the effects of a phase change on the spectrum, 
and data from the IR spectrum of the solid sample and the Raman spectrum of 
the solution in methanol were both used in the normal coordinate analysis.
C2.7 Graddon (1956)
(62)Graddon considered the UV spectrum of oxalic acid, potassium
hydrogen oxalate and potassium oxalate in aqueous solution, as
part of a study of the absorption spectra of complex oxalates. It was
found that the UV spectrum of 0.01 M oxalic acid was almost identical to
that of 0.01 M potassium hydrogen oxalate solution. This was explained by
+ —the oxalic acid being 881 dissociated into H and HC2Q1, at that 
concentration. When the ionisation was suppi’essed with hydrochloric and 
sulphuric acid, the absorption spectrum of oxalic acid consisted of a low 
intensity band at about 250 mp appearing as a shoulder on a high intensity 
band in the far-UV. The hydrogen oxalate ion had an inflexion at about 
250 my accompanying the far-UV band, but only a high intensity band in the 
far-UV was seen for the oxalate ion (see also p. 160).
C2.8 Gruen and Plane (1967)
f 321Gruen and Plane measured the intensities of some Raman bands 
of oxalic acid and oxalates for a study on aqueous metal oxalate complexes.
The molar intensities were measured relative to the 1050 cm 1 line of 
nitrate. They found that the 1741 band was noticeably asymmetric am
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that the polarization ratio measured at intervals across the band was 
not constant. The asymmetry and the polarizability behaviour indicated 
two overlapping bands, one polarized and one depolarized.
Frequency P Molar intensity
1741 0.24 0.44
1445 DP 0.11
1348 0.32 0.10
C2.9 Steigman, Iasi, Liienfeld and Sussman (1968)
(37)Steigman et al ' considered the acid-base reactions of dicarboxylic 
acids in concentrated quartemary ammonium salt solutions. They recorded 
IR spectra, 1800-1300 cm 1 of the acids, their acid salts and neutral salts 
in D20 and 7.75 M tetra-n-butyl-ammonium bromi.de (n-Bu^ NEr), in D20 at 
room temperature.
Observed IR bands
D20 FreqUCT2 Bu,NBr
1733 1741 vc-o
The dissociation constant of oxalic acid was almost unchanged in 
7.75 M n-BuijNBr solution compared with D20. Other acids that showed little 
change of dissociation constant in the two media, i.e. the m- and p- 
phthalic acids, fumaric and longer-chain aliphatic acids, had acid io 
spectra that were found to be simple composites of the free acid and the
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fully neutralised salt, but the acid oxalate spectrum was unlike that of 
oxalic acid or oxalate ion (see p. 84 for discussion of the acid oxalate 
ion).
C2.10 Bardet, Fleury and Tabacik (1970) ■
f  £ . rZ '\
Bardet, Fleury and Tabacik considered the IR and Raman spectra of 
oxalic acid in vapour, solution and crystalline phases. Reference was made 
to the Bardet thesis of 1952^^ and the assignments were made under 
using a hexatomic molecule as previously discussed (see p. 107).
Observed IR and Raman bands of oxalic acid in aqueous solution
Frequencies Assignment
IR Raman IR Raman
1750 1750 V 1 5 * V 7 * V 2 Ag vs(C=0)
1640 1640 h2o
1450 V 3 Ag 6's(C0H)+vs(C-C)+vs(C-0)
1384 Vu A
g
Ss(C0H)
1300 V i5 B * u
1220 ^16 B * \
852 V5 Ag
Bg
**
724 V n **Ts (c-o)
575 Vl2 Bg
**
456 V7 Ag 6s(C-C-0) + 6S(0-C=0)
388 v5 - V7
* It is not clear from the text, if these assignments apply generally
to the IR bands or only to those observed in the vapour phase. In
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the latter case, these bands are unassigned for aqueous solutions.
The Raman bands at 852, 724 and 575 were assigned to three of the four 
symmetric vibrations expected in that region: vs(C-C), <5s(C-O0),
Ys (C-C<q) and rg (C-0). The Raman spectrum of the monocrystal enabled 
them to assign 724 to xs(C-0).
It will be apparent from the above table that their assignements are 
not very easily understood. No spectra were reproduced, depolarization 
ratios were not given and there was no indication of relative intensities. 
They state that a frequency calculation was made using a Urey-Bradley 
force field, with the geometry determined by Shibata and Kimura^^ and the 
force constants of acetic acid obtained by Fukushima and Zwolinski. 
Potential and kinetic energy distributions we re also calculated. However, 
their paper did not include the data used for the calculation or any 
indication of the results except that it showed important coupling between 
v (C-0) and S(COH).
The assignments of Bardet et al are shown in the preceding table.
It seems from their table that the 1750 IR band was assigned to a 
combination band, Vi5 + V7, and in this case they did not observe the 
v (C=0) fundamental. It seems more reasonable that this was assigned tocl
the fundamental and the text reads as if the combination band assignment
only applied to the band they observed in the vapour phase spectrum. They
stated that their calculations had shown that the v(C-O) and 6(C0H)
vibrations were coupled, and their v3 1450 band is interpreted as involving
coupling of 6 (COH) + v (C-C) + v (C-0). It is very unreasonable to show s s s
this band as coupled, but assign the 1384 band to the same symmetry species
and Ss(C0H) without any coupling to other vibrations. The assignment of
the 500-1000 cm 1 region is impossible to understand. Since the 852 1 and
was found to have A symmetry it would have been expected that itso
assignment would not have been included as one of four possible bands when 
the other two observed bands were of symmetry.
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C2.11 Summary
It can be seen from the literature survey that no satisfactory
assignment of the spectrum of oxalic acid in solution has been made. The
(63)paper of Bardet, Fieury and Tabacik contains the most extensive 
assignment, but the manner in which the paper was written causes much of 
their work to be unintelligible. Bardet et al^^’^ considered the oxalic 
acid molecule in planar and chair forms, but no mention was made of 
possible twisting about the C-C bond. It is perhaps surprising that the
r  s  '7'n
1970 paper did not consider possible twisting, as their 1967 paper on 
the oxalate ion in aqueous solution concluded that the dihedral angle of 
the oxalate ion was 90°. Maria and McGlynn^'* studied the UV.absorption 
spectrum of oxalic acid in aqueous solution and concluded that oxalic 
acid did not exist as a geometrically well-defined species in solution.
(57)Hibbenq J commented that oxalic acid was one of the strongest organic
(3)acids, but except for Gupta, no reference has been made in his paper
or subsequent papers on IR and Raman spectroscopy to possible spectral
(14)effects of ionisation. Murata and Kawai used methanol as solvent but 
they do not give a reason for this, so it might have been for ionisation 
considerations or because oxalic acid is much more soluble in methanol
( el o'v
than in water. Graddon studied the effect of ionisation of oxalic 
acid on the UV spectrum, but did not consider the vibrational spectroscopy 
of solutions.
The assignment of the band about 1640 to oxalic acid rather than 
to the water bending vibration caused some difficulties of interpretation.
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The quotation (see p. 104) from the paper of Hibben, shows that the
assignment of the 1640 band to the acid caused him to conclude that one
carbonyl group behaved abnormally in water, i.e. that assigned to the
1740 band, but both carbonyls behaved abnormally in alcoholic solution. 
(3)Gupta assigned the 1640 band to a species where the C-0 bonds were 
equivalent and the 1740 band to a C=0 vibration, the latter only being 
found in alcoholic solution.
The small number of assignments makes their comparison of little 
help, but comparison of the observed data in aqueous and methanoiic 
solutions can be useful to indicate spurious bands.
The comparison on p. 115confirms that the two bands, 673 and 248, 
that Siva Rao considered to be doubtful, were spurious. Bardet et al are 
the only workers to report a band at 724.
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C3. Experimental
The IR and Raman data were collected in the manner previously 
described for the acid oxalate ion in solution.
Aqueous solutions of oxalic acid were prepared at concentrations 
ranging from 0.5 g C2H20^ ° 2H?0 in 100 ml of solution to saturated, about 
11 g in 100 ml of solution. Prior to deuteration, and solution in 
organic solvents, oxalic acid was dehydrated in a drying pistol. The 
acid was repeatedly recrystallized from D20 until the IR spectrum showed 
that substantial exchange had been effected. An approximately saturated 
and a dilute solution of the deuterated acid was prepared in D20.
Hydrochloric acid, 1 M, was used to prepare solutions containing 
4, 6 and 8 g of C2H20i.*2H20 in 100 ml of solution. A 'salting out' 
effect prevented more concentrated solutions being prepared. A solution 
of the deuterated material in DC£ was also prepared.
Approximately saturated solutions of oxalic acid were prepared in 
diethyl ether. Solutions in acetone were at concentrations of about 
8, 16 and 20 g of the acid in 100 ml of solution. A concentrated solution 
of the hydrated acid in acetone was also prepared to monitor the 
scattering in the 3000-3700 region of the Raman spectrum. Solutions in 
methanol ranged from 8-30 g acid in 100 ml of solution. Only very fresh 
solutions in methanol were used, since considerable esterification took 
place within about two hours. (This may have been due to residual water 
or traces of acid impurity.)
For solutions in H20 and D20, both neutral and acidified, the 
800-900 region was subjected to Dupont curve resolution.
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C.4. Results and Interpretation 
C.4.1 Observations
Observed IR and Raman bands of oxalic acid in H20 and P20 solution, 1 M aqueous HCft and DCS, 
solutions, methanol, acetone and diethyl ether ..........
IR
h 2o Dz0 HC& DCS. Hz0 pH20 d 2o pD?.0 KC£
1749(72)* 0.1 1749(100)** 0.1 1752(73)*
1720(s) 1731(vs) 1720(s) 1722(vs) 1726(41) 0.1 7 (ew)
1447(13)j 0.4 1460(7)
1423(33) 0.3
1412(15)j 0.2
71410 (y/)sh 71409(w)sh
1376(14)j 0.2 ?1372(ew)
1313 (w) 1310(vw) 1312(9)j 0.3 ?1312(ew)
1274(2) small
1230(m) ? 1228 (m) •t -<1226 (4) -small
1075(8) 0.1
106 2(m) 1056(mw)
950(6) 0.2
945(w) 936 (w)
870(69)j 0.1
r 851(14)) 0.1
849(100)j 0.1 849(100)
838(6)j -0.7
819(21)j 0.1
786(30)j 0.1 •
726(5) small 728(2)
- 678(1) small
7 (vw)b - 580(l)b ?large 7 (vw)b
456(46) 0.4 450(42) 0.4 457(34)
* Relative intensities at 0.63 M, under the conditions [Z(XX)Y]
Relative intensities of an almost saturated solution, wider the conditions [Z(XX)Y]
Dilute solution (about 1/3 of the concentration of oxalic acid in non-acidified D20), 
under the conditions [Z(XX)Y]
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Raman
phc*, DCS. pDCS. IRMethanol
Raman
Methanol
IR
Acetone
Raman
Acetone
IR
Ether
Raman
Ether
0.1 1750(100)+ 0.1
1950(m)b 
1740(s) 1752 (ms)
-3000(vs) b 
2584 (mw) 
v?~1980(w)b
1768 (m)
-3000 (vs) b 
?2595(mw)
1767(s) 1765(m)
0.4
1416(23) 0.3
1725 (s)
?1701(w)sh
1735(s)
1074(10) 0.2
?1310(vw)sh
1223 Cm) 1190 (w) ?1239(vw) sh
949(6) 0,2
0.1 840 (s)
833(~9)sh 
811(30) 0.5
784(36) 0.5 ~
small
-670(1) small ? 699(w)sh
-565(l)b
0.4 446(38) 0.4 454(mw)
823(vw) 832(ms)
679(ms) 
545(vw) 551(vw)sh 
445 (w) .
679 (m)
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IR spectra of oxalic acid: A. in D20, B. in PO, 
C. in diethyl ether, D. in acetone.
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1800 1600 1400 1200
Raman spectrum of oxalic acid in H20 (11 g C2H2O4.2 H20).
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The bands of H2O, D20 and HOD (and other solvents) are not included 
in the above table. The bands found in the Raman spectrum of the aqueous 
solution between about 1312 and 1412 were broad and overlapped each other 
considerably. The solutions of the deuterated acid had a group of over­
lapping bands at about' 786, 819, 838 and 851 and these were subjected, to 
curve resolution. The acidification of the solutions was observed to 
simplify both of these regions since ionization was suppressed. Conversely, 
the Raman spectra of increasingly dilute solutions of the acid in 1I20 
indicated which bands were becoming relatively stronger as the extent of 
ionization increased (see pp 121 and 123)
C4-2(b) Spectroscopic examination of the ionization of oxalic acid
It can be seen (p. 123) 'that the Raman bands at about 1749 and 849
can be assigned to the oxalic acid molecule. The literature contains various
accounts of studies of the ionization of oxalic acid. The data from the
study of Huhn and Beck^7^  is given in Appendix 3. The values obtained ^ ~ 7<^
by different workers, using various methods, for the ionization constants
vary somewhat but most are of similar magnitude. The first ionization of
the oxalic acid molecule is considerable, but the second occurs to a
negligible extent only. For a 1 M solution, the concentrations of the
f 7*1species in solution were calculated by Huhn and Beck to be:
[H+] 2.26 x 10"1, [C20/“] 6.10 x 10"s, [HC20„~] 2.24 x 10~\ and
[H2C20„] 7.76 x 10"1 M.
It can be seen from the above data that more than 22% of the oxalic 
acid molecules were expected to be ionized to acid oxalate ions, and so 
should be readily observed in the spectrum. Comparison can be made of 
the observed Raman bands of aqueous solutions of oxalic acid and 
potassium hydrogen oxalate.
C4.2 (a) Oxalic acid .in H20, D2O and 1 M HC& and DCS, solutions
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Comparison of observed Raman bands of aqueous 0.63 M solutions of
oxalic acid in H20 and 1 M HC& and potassium hydrogen oxalate,
about 0.27 M
Oxalic acid Potassium
hydrogen
oxalate
Species
responsible
H20 HC£
1749 (72) 1752 (73) Oxalic acid
1726 (41) (ew) 1725 (33) HC20it"’ ion
1460 (7) Oxalic acid
1447 (13) 1445 (30) HC20it- ion
1412 (15) 1412 (35) HC20,,~ ion
1376 (14) (ew) 1380 (31) HC20i+ ion
1312 (9) (ew) 1307 (11) H C ^  ion
1244 (5) HC20i4_ ion
-1226 (4) Oxalic acid
870 (69) 870 (100) HC^" ion
849 (100) 849 (100) Oxalic acid
726 (S) 728 (2) 725 (14) Both species
456 (46) 457 (34) 452 (42) Both species
Since the spectra of the oxalic acid molecule and the acid oxalate 
ion are very different, it would seem possible to use the intensity of 
a suitable band of the acid oxalate ion to estimate the concentration of 
acid oxalate ions in a solution of oxalic acid. Ideally, a strong, 
isolated, narrow peak is required to relate peak height to concentration. 
The group of bands between 1312 and 1447 are unsuitable, as they are rather 
broad and overlap each other to a considerable extent. Apart from the 
overlapping of the two bands, 1726 and 1749, the base line in this region 
is not clear because of the broad water deformation band at about 1640.
(The overlap is so considerable that the position of the v(C=0) vibration 
of the DC2O4 ion could not be distinguished directly from the v(C=0) mode 
of D2C20 4.) The bands at 849 and 870 are slightly better separated and
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_ 2 .Concentration of oxalic acid in H2O: 1. deduced using Ki= 6.5x 10 
for the first ionization potential of oxalic acid (0 ), and 
2. deduced from the observed concentration of the acid oxalate ion (A ).
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the water librational bands cause only a gently curving background in this 
region. Hie band separation of the latter pair is sufficient for methods 
of curve resolution, such as the Dupont analyser, to give good estimations 
of the band heights. The acid oxalate ion is assumed to be the only 
species present in the potassium hydrogen oxalate solutions, but the Raman 
spectrum indicates a small quantity of the oxalate ion to be present. It 
is also assumed that the water bands can be used for calibration in a 
similar way to that described for the oxalate ion in solution (see p.64 ). 
Hie concentrations of acid oxalate ion can be deduced from the peak heights 
of the 870 band in oxalic acid solutions and the peak heights of the 870 
band of the acid oxalate ion in potassium hydrogen oxalate (see graph, p.92) 
These values can be compared with those obtained using the Hiihn and Beck^^ 
value of Ki = 6.5 x 10 for the first ionization constant of oxalic acid.
Comparison of the concentration of the acid oxalate ion in oxalic 
acid aqueous solutions by spectroscopic estimation and by 
calculation using Ki - 6.5 x 10“2
Concentration 
oxalic acid 
added
Calculated from Ki Spectroscopically
estimated
[hc2o4“]% dissociated [hc2o4“1
0.040 M 70.1 0.028 M 0.03 M
0.079 58.4 0.046 0.04
0,159 46.7 0.074 0,09
0.238 40.4 0.096 0.13
0.317 36.2 0.115 0.15
0.397 33.1 0.131 0.20 (0.196)
0.476 30.8 0.147 0.20 (0.202)
0.555 28.9 0.161 0.27
0.635 27.3 0.173 0.28*
0.714 26.0 0.185 0.33
0.793 24.8 0.197 0.37
0.873 23.8 0.208 0.44*
* Average of two spectra
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It can be seen from the above table that the concentration of acid 
oxalate ion estimated spectroscopically is much greater than that 
calculated using Ki = 6.5 x 10 2. As would be expected a plot of the 
corrected peak height against the concentration calculated from the Kx 
value shows a marked curvature, indeed a plot of the corrected peak height 
against the concentration of oxalic acid used is less noticeably curved 
within the scattering of the points. If the corrected height of the 849 
oxalic acid peak is plotted against the concentration of acid used or 
the concentration calculated to be present using K1 =6 . 5 x l 0 2J a curve 
is obtained.
These observations are readily understood when it is considered that
the calculated value Kx and the percentage dissociation depend upon a
simple Arrhenius type of approach, whereas the concentrations used were in
the range 0.04 to 0.87 M and oxalic acid is a relatively strong electrolyte.
(Also, concentrations rather than activities have been used.) Using the
data in the table above, at 0.08 M the observed concentration of acid
oxalate ion gives a value of Kj = 4.1 x 10~2; at 0.40 M, Kx = 0,20; and at
0.79 M, Kj =0,32. This is the type of behaviour expected from a strong 
(71)electrolyte. Some of the earlier accounts in the literature of studies
of the ionisation of oxalic acid in aqueous solution indicate a similar 
behaviour was found. Gane and Ingold^ 7iJ stated that oxalic acid "does not 
obey the laws of weak electrolytes in respect to its first dissociation 
constant." Chandlerfound that Kx was not constant and that "oxalic 
acid does not follow exactly the Ostwald dilution law." It is probably 
still valid to assume that the second ionisation is so small that the 
concentration of oxalate ion is negligible. From the observations made in 
the present study, and those of Chandler ^ 7^  and Gane and Ingold, 
it is apparent that the table in Huhn and Beck/^ showing the calculated 
concentrations of the various species present in oxalic acid aqueous
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solutions for the range lCf'* to 10°M using Kx = 6.5 x 10 2 and
K2 = 6.1 x 10”5, is not only misleading but incorrect for the higher
concentrations.
Hie spectroscopically estimated concentrations can be used to 
calculate the Ki values at each of the acid concentrations studied. The 
first ionisation of oxalic acid can be represented as:
HZA •# H+ + HA”
with
[H+] [HA”]
Kl = _ _ -------
' [H2A]
If the second ionisation is assumed to be negligible, then [H+] = {HA ], 
hence,
[HA“]2
Ki = ----- .CM
Since the concentration is directly proportional to the peak height, the 
square of the peak height of the acid oxalate peak divided by the height 
of the oxalic acid peak should be proportional to the value of Ki. It 
can be seen from the table below that these values also increase with the 
acid concentration, again showing that the value of Ki is not constant 
for the range of concentrations studied.
The concentration of the acid oxalate ion at a concentration of 
0.635 M oxalic acid in 1 M hydrochloric acid was estimated spectro­
scopically to be 0.19 M. Using the value of Ki = 2.2 x 10 1, the 
concentration of the acid oxalate ion was calculated to be 0.14 M at a 
first approximation.
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Relationships of concentrations, peak heights and Ki
Concentration 
of oxalic 
acid used
Ki
Peak heights (mm]
(HA~)2
h2a HA"
H2A
0.040 M 9.0 x 10" 2 7.9 11.2 15,9
0.079 4.1 x 10"2 9.0 15.8 21.1
0.159 1.1 x 10"1 57.9 31.2 25.7
0.238 1.5 x 10_1 65.4 45.2 31.2
0.317 1.4 x 10“1 84.6 52.8 33.0
0.397 2.0 x 10“1 1x8.9 68,3 39.2
0.476 1.5 x 10"1 143.3 70.6 34.8
0.555 2.6 x 10"1 175.0 95.3 51.9
0.635 2.2 x 10"1 200.9 98.4 48.2
0,714 2.8 x 10-1 245.2 115.2 54.2.
0.793 3.2 x 10"1 280.7 130.8 61.0
0.873 4.5 x 10_1 306.3 150.1 73.6
Whilst high accuracy cannot be expected from the results obtained in 
this study, it is considered that they do give a more accurate picture of 
the dissociation of oxalic acid in relatively concentrated solutions. The 
presence of a very small quantity of the oxalate ion in the potassium 
hydrogen oxalate solutions will cause a slight over estimation of the acid 
oxalate ion concentration. Concentrated oxalic acid solutions in acetone 
indicate scattering at about 3270 by oxalic acid is probably negligible.
C4.3 Oxalic acid in non-aqueous solutions
C4.3(a) Solutions in methanol
It was found that very fresh solutions had to be used as extensive
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esterification took place. A number of ester bands were observed less 
than one hour after the solutions were prepared. Here, and with the other 
solvents, only bands that can certainly be ascribed to oxalic acid have 
been used for interpretation. Murata and Kawai^^ found five Raman bands 
for oxalic acid in methanolic solution, 432(s), 590(w), 852(s), 1457(s) 
and 1762(s). While it is probable that oxalic acid has a band at about 
1460, clear evidence for it could not be found in the spectrum of oxalic 
acid in methanol, since methanol has a strong complex peak in the 1400­
1500 region. The spectra show no marked changes occur in this region on 
addition of oxalic acid. Again it is probable that oxalic acid has a band 
at about 730, but this region coincides with a band whose appearance is 
one of the earliest signs that esterification has taken place.
Close examination of the IR spectrum suggested that the absorption 
about 1730 probably consisted of two overlapping bands at about 1725 and 
1740. A band may occur at about 699, since an additional small hump was 
found on the strong, broad methanol peak occurring in this region.
Another doubtful band is the shoulder seen at about 1310 on the very 
strong methanol band about 1415. It is possible that this could be the 
initial indication of the 1328 band found after esterification has 
occurred. A broad band about 1950 can be correlated with the addition of 
oxalic acid.
C4.3(b) Solutions in acetone
Although acetone has a rather rich spectrum to be a useful solvent 
it does have the advantage that the C-H stretching vibrations are sharp 
and not very strong in the IR. Addition of oxalic acid caused a very 
marked change in the spectrum about 3000; the previously sharp C-H 
stretching bands became very small peaks on a very strong, broad band
centred about 3000 cm 1. The IR spectrum of acetone was observed to have
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a very weak band at about 2570. The oxalic acid solution had a moderately 
weak band at about 2580. A difference spectrum indicated that this was a 
genuine band of oxalic acid (or at least a difference caused by the 
addition of oxalic acid). There is possibly a wide, weak band about 1980, 
but the background in this region is affected by the wings of the very 
strong absorption due to the v(C=0) of oxalic acid and acetone. If this 
band is genuine it can be compared with that observed for oxalic acid in 
methanolic solution. The 545 band is barely resolved from 'the sharp 530 
acetone band, but it is believed to be due to oxalic acid and the Raman 
spectrum shows the similar effect of a shoulder about 551 barely resolved 
from the acetone peak at 537.
Another Raman shoulder attributable to oxalic acid occurs at about 
1247. A corresponding IR band could not be assigned as a definite shoulder 
was not observed, and the apparently stronger absorption in this region may 
have been an experimental artifact. (This also applies to the 1680-1780 
and other regions of the IR spectrum.) Hie 1680-1780 group of bands is more 
easily interpreted in the Raman spectrum. Hie three acetone bands,
1758(w), 1716(vs) and 1686(vw)sh, were observed to be replaced by the 
group 1768(m), 1758(w), 1717(vs), 1701(w)sh, and presumably the very we ale 
acetone shoulder was 'lost' as a wing of the more intense band. The 
group of Raman bands in the 3000 region did not appear different when 
acetone was compared with the oxalic acid solution.
04.3(c) Solutions in diethyl ether
Only one Raman band was observed for oxalic acid in ethereal solution, 
at 1765 cm 1. (Strong bands of the solvent obscured the 450 and 840 regions 
where the most persistent bands occur.)
The region about 3000 in the IR spectra showed the C-H stretching
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vibrations of the ether to be superimposed on a broad, strong absorption, 
giving an appearance similar to that observed in acetone solution. Also, 
the weak band at 2595 appeared slightly more intense, but the change was 
not as marked as for the solutions in acetone. It was apparent that an 
absorption of oxalic acid was occurring in the region about 1240, since 
the transmission of the solvent between trie 1277 band and the group of 
bands below 1200 was greatly reduced.
C4.4 Spectra predicted from symmetry considerations
Twelve possible configurations of the oxalic acid molecule are 
described in the Introduction (p. 98), These can be put into two groups: 
and Cb with a centre of symmetry, and C?v, C7, Cg and without a 
centre of symmetry. The number and activity of tire oxalic acid vibrations 
under these symmetry groups is shown, in tire following table.
Number and activities of bands for tire oxalic acid molecule ■
under different point groups   -
Point
group
J21r
Number and Total no. Total no.
symmetry species IR Raman
of tire bands bands
vibrational modes
7V V
3V 6Bu
Raman
IR
Coinci­
dences
None
ci 9V
9Au
Raman
IR
None
J2v 7A-^ , 3A2, 2B^, 6B2 
7A-^, 2B^ ,6B2
Raman
IR
15 18 15
10A,8B
10A,8B
Raman
IR
18 18 18
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Number and activities of bands for fre oxalic acid molecule 
under different point groups (Cont.)
Point
group
Number and 
symmetry species 
of the 
vibrational modes
Activity
Total no. 
IR 
bands
Total no. 
Raman 
bands
Coinci­
dences
Cs
planar 
(case 6)
13A* ,5A" 
13A’ ,5A"
Raman
IR
18 18 IS
(case 10)
9A! ,9A" 
9A',9A"
Raman
IR
18 18 18
h 18A
18A
Raman
IR
18 18 18
For the above groups, the rule of mutual exclusion should enable C2h
and Cb symmetry to be recognised. If the A2 vibrations can be identified,
then it should be possible to identify C.?v symmetry. The point groups 
and Cj, have only totally symmetric Raman bands, whereas all of the other
groups have at least two types of Raman band, .
C4.5 Assignment of fundamental vibrations
C4.5(a) The 0-H stretching vibration
The v(OI-I) vibration has been observed as a broad, strong band at 
about 3000 in the IR spectra of solutions in acetone and diethyl ether. 
Both of these are polar solvents, so it is probable that the oxalic acid 
molecules are bonding to the solvent molecules rather than intramolecular 
hydrogen bonds occurring. The 0...0 distance of the possible 0-H...0 
intramolecular hydrogen bonds were found to be 2.717 X in the gaseous
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state by Cyvin and Alfheim, and it seems probable that the molecular
■ (74)geometry in solution will be very similar. If the curve given by Novak
showing the relationship between 0...0 bond length and v(OIi) frequency is
applicable to solutions fas the data comes from compounds in the solid
ostate), then a bond length of 2.717 A would be expected to give rise to an 
0-H stretching frequency of about 3270. However, since the closest 
approach of the hydrogen atom to the oxygen of the other carbon atom occurs 
when the molecule is planar, then two equal hydrogen bonds would be expected 
to form. Coupling of these bonds would be expected with a consequent 
change in the vibrational frequency. The situation is somewhat similar for 
the dimer of an acid, where the formation of two equivalent hydrogen bonds 
leads to a centrosymmetric molecule.
C4.5(b) The C=Q stretching vibrations
For convenience the bands assigned to the v(C=0) vibration are listed 
below.
Comparison of the v(C=0) vibrations of oxalic acid in different solvents
Solvent IR Raman
HaO* 1720+(s) 1749 (vs)
D2O* 1731 (vs) 1749 (vs)
Methanol 1740 (m) 1752 (ms)
1725 (s)
Acetone Obscured 1768 (m)
Ether 1767 (s) 1765 (m)
1735 (s)
Bands identified as due to the 
un-ionised acid.
t Partly obscured.
The bands observed in ether and methanol solutions both show the same 
pattern of two IR and one Raman band. The position and width of die band 
centred about 1731 in the IR spectrum of solutions in D20 is very similar 
to the envelope of the 1740 and 1725 bands observed, with difficulty,in 
the IR spectrum of oxalic acid in methanol. Thus it is likely that the 
same band pattern may also occur in D20 solution. This region is obscured 
in the IR spectrum of solutions in acetone. The 1768 band in the Raman 
spectrum can be compared with the 1765 band of solutions in ether. The 
similarity of the v(OH) band in the IR spectra of solutions in acetone and 
ether has already been discussed. All of these solvents are polar and it 
is possible that die oxalic acid molecule is behaving in the same way in 
all of diem. It is apparent from the solution in ether that the higher 
frequency band is coincident in the IR and Raman. These bands are probably 
coincident in methanolic solution. Apart from die usual experimental 
difficulties, esterification increases die frequency of the v(C=0) band, 
and die position observed may be slightly influenced by the formation of 
some ester .
For earboxylic acids the presence of more than one v (C=0) band in ’the
IR spectrum has been discussed in the literature in terms of rotational
isomers and/or vibrational coupling. For a molecule as small as oxalic acid
it is extremely unlikely that two v(C=0) vibrations would not be coupled.
The four equivalent C-0 bonds of the oxalate ion are very strongly coupled
(75) •(see Appendix 5 ), and Baddiei, Cavendish and George^  have discussed 
the same sort of coupling for larger ions. Assuming that the two IR bands 
are both fundamental modes, then it is perhaps surprising that the coupling 
does not cause a greater separation of the bands. Vibrational coupling 
could occur with a planar or a non-planar molecule and a centrosymmetric 
or non-centrosymmetric molecule. However, the presence of the two v(C=0) 
vibrations in the IR spectrum and the coincidence of one of them with a
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Raman band both indicate that the molecule in solution is not centro- 
symmetric. This does not exclude the possibility that the molecule may 
be planar, but with the two hydrogen atoms arranged differently in the 
plane (see Introduction ), although it seems unlikely the molecule would 
be in this conformation, where maximum oxygen repulsion occurs, without 
the stabilising effects of both the possible hydrogen bonds.
MINDO/3 calculations (see Appendix 6 ) show that the non-planar
molecule, with a dihedral angle of 90°, is about 9 kcal/mcle more stable
than the trans-planar form with hydrogen atoms pointing away from the
oxygen atoms on the second carbon atom. This is a similar energy to that
associated with a v(OH) frequency of about 3000 cm-1. The least stable
of the possible configurations, with the hydrogens pointing away from the
second oxygen atom, is that with the cis arrangement of the carbonyl groups
for a planar molecule. This arrangement is about 0.6 kcal/mole less stable
than the trans-planar configuration. Thus if the molecule is non-planar
it may be as stable as a planar molecule with hydrogen bonding and in
addition have the possibility of hydrogen bonding to the polar solvents.
Abramovich and Ginzberg " considered the effects of polar and non-polar
solvents on the conformation of oxalic acid and its esters. They observed
the v(0H) and v(C=0) IR bands of oxalic acid in tetrachloroethylene at
3443 and 1803, respectively. These values can be compared with 3470 and
18i2 observed in the IR spectrum of gaseous oxalic acid by Stace and 
(77)Oralratmanee. Abramovich and Ginzberg concluded that the molecule in
inert media was trans-planar through too intramolecular hydrogen bonds, 
and that rupture of the hydrogen bonds leads to change in the conformation. 
Their conclusion seems to be based on the observation of two v(C=0) 
absorptions for esters, which cannot form intramolecular hydrogen bonds. 
However, coupling can lead to the appearance of too v(C=0) vibrations in 
the IR spectrum. (If the molecule is centrosymmetric then one of the 
coupled vibrations will be IR active and the second Raman active.)
The C-C bond length in gaseous^ 73) and crystalline oxalic acids
has been shown to be that associated with a single bond, and it is^ 7^ -^
reasonable to suppose that the C-C bond will still have the characteristics
of a single bond in solution. In the absence of steric effects, etc. free
rotation occurs about a C-C single bond. For oxalic acid the difference
in stability of the planar and non-planax conformations indicates that
completely free rotation may not occur, but the energy differences are not
so large as to exclude possibility of some rotation being expected.
MINDO/3 calculations (see Appendix 6 ) show that a 30° rotation from the
most stable 90° dihedral angle towards the trans or cis conformation
(811destabilise the molecule by about 2-2.5 kcal/mole. Narasirnhan } observed 
tlie dipole moment of oxalic acid at low concentration in dioxan. Both the 
cis and trans planar models were excluded, and the observed value favoured 
free rotation. Maria and McGlynn^ u^  observed the UV spectrum of oxalic 
acid in ethanol and acetonitrile, and calculated the electronic state 
energies for a. trans-planar molecule and a molecule with a 45° dihedral 
angle by Mulliken-Wolfsberg-Helmholz, CNDO/s and CNDO/s-CI methods. The 
theoretical and experimental results lead them to the conclusion that 
oxalic acid does not exist as a ’’geometrically well-defined species in 
solution." This conclusion for solution in acetonitrile is interesting, 
since it is considered by Maria and McGlynn to be a 'non-hydrogen-bonding 
solvent'.
The preceeding accounts from the literature agree with the observations 
of this study, i.e. that intramolecular hydrogen bonding does not occur in 
solution in polar solvents. Vibrational coupling is also more likely to 
account for the two v(C=0) IR bands than two distinct rotational isomers 
being present in the solution.
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The 900 to 1500 region of the spectrum would be expected to show
modes approximately assignable to v(C-O) vibrations and the in-plane and
out-of-plane G-O-H deformation modes. It is unfortunate that much of this
range is obscured for the organic solvents used. It would be expected
that the use of H20 and D20 and acidification of the solutions would make
the assignments very obvious, but some of the acid oxalate bands are
expected to occur at frequencies close to those of oxalic acid. The HOD
and D20 partly obscure the 1200-1450 region that is complicated by the
acid oxalate ion bands. The spectra in the literature of gaseous,C77*82)
f 831and solid oxalic acid will be used to assist the assignments.
The band observed clearly at about 1220-1240 in the IR spectrum of
solutions in H20 and methanol, and the Raman spectrum in H20, can be
assigned approximately to a C-0 stretching vibration. The weak band at
about 1190 in the IR spectrum, and the very weak shoulder at about 1239
in the Raman spectrum of the soliitions in acetone can also be assigned to
this vibration. The Raman spectrum in D20 shows this band to have been
shifted to 1274. The DOD deformation obscures this region in the IR
spectrum, but there may be an additional absorption on the high frequency
side of the deformation. The band was found to disappear from the Raman
spectrum of solutions in H20 and D20 on acidification. The spectrum of
potassium hydrogen oxalate also has a band at this position, but the band
is very weak in the Raman spectrum anyway, and acidification does not
appreciably weaken the IR band in oxalic acid solution. The assignment to
a v(C-O) vibration of the acid is supported by the observation of an IR
band at 1240 for the protonated, and 1220 for the deuterated, acid in 
f 821the vapour phase and in the region 1176-1296 for the protonated and
f 831deuterated forms of the three solid oxalic acids.
C4.5(c) The 900-1500 region
A second v(C-O) vibration would be expected to be observed. The only
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possible band would seem to be that observed at 1460 in the Raman spectrum
of acidified H20 and at 1416-1423 in the Raman spectrum of D20 and
acidified D20. (Without acidification this region is complicated by acid
oxalate bands.) Such frequencies are unexpectedly high for a C-0 single
bond stretching vibration, but are readily explained on the basis of
mixing with other modes, especially the C-O-H in-plane deformation/'7'7
(77
Stace and Oralratmanee observed Raman bands at 1423 and 1195 and IR 
bands at 1325 and. 1275 for gaseous oxalic acid.
The IR and Raman spectra of solutions in D20 and acidified D20 show
bands at 936-950 and at 1056-1075 that are not observed in the spectra in
H20 or acidified H20. It is therefore concluded that these bands must be
predominantly 0-0 in-plane deformations. A band was observed at 1061 in
the IR and Raman spectrum of the deuterated acid oxalate ion, which was
considered to have been shifted from 1375 (see p.95 ). As it is known
that the 0-H in-plane deformation is mixed with other modes, the isotopic
ratio would be expected to be less than the — sometimes observed on
- /Z
deuteration. (The — assumes that vibration involving the hydrogen is
/2
sufficiently different in frequency or character from the vibrations of
the heavier atoms that it can be considered in isolation. Whilst this is
a very good approximation for the 0-H stretching vibration, in many cases,
(77)including gaseous oxalic acid, it is not for the in-plane deformation
where considerable mixing occurs with other modes. To predict with
reasonable accuracy the isotopic shift where mixing is considerable, it is
necessary to use the full form of the Teller-Redlich product rule,
which requires knowledge of the symmetry of the molecule, the frequencies
of all the vibrations of the same symmetry species as the mode of interest
for one of the molecules, and all the vibrations of the same symmetry species
except the one of interest for the isotopically substituted molecule.
1Obviously this cannot be done in the present case.) If — is taken as an
/2
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approximate indication of where the vibration may be found, then the band 
at ab^ ut 1066 in the deuterate is expected about 1508, and the band at 943 
at 1334. For the acid oxalate ion deuteration was found to shift the 
1375 0-H in-plane deformation to 1061. Since the acid oxalate vibrations 
that are associated with the CO2H group predominantly show a great 
similarity with the corresponding vibrations in oxalic acid, it seems 
likely that the isotonic shift will be markedly less than — . Therefore
“ n
it is most probable that the 0-H in-plane deformations contribute to the 
complicated group of Raman bands in the 1300-1450 region (see pp.121 and 123) 
As previously mentioned, acidification shows that a large part of the 
intensity of this region can be associated with the acid oxalate ion 
vibrations. The trough between 1312 and the 1380 bands is shallower for 
oxalic acid in solution in H2O compared with the scattering in this region 
for the acid oxalate ion under the conditions, [Z(XX)Y] . Under the same 
conditions for the acidified solution, a veiy wide, weak band is seen from 
about 1200 to 1500, with the 1460 band superimposed at the high frequency 
end of it. This general pattern is similar to that seen for the conditions 
[Z(XZ)Y] of a non-acidified solution, except in the latter case the 
absorption is weaker. Thus, when very weak, the bands of the acid oxalate 
ion in this region seem to merge with the oxalic acid bands to form a very 
wide band. However, for potassium hydrogen oxalate solutions, by the time 
the bands are sufficiently weak for individual bands not to be seen, then 
the background between 1200 and 1500 is flat. It is concluded that the 
oxalic acid molecule does show scattering in this region, presumably due to 
the in-plane deformation of the 0-H group, but that their breadth and 
intensity are such that individual peaks cannot be distinguished.
04.5(d) The region below 900 cm 1
The Raman band at 849 in I120 solution can be approximately assigned to
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the v(C-C) vibration of oxalic acid. Acidification drastically reduces 
the intensity of the 870 band in H20 solution and the 851 band in D20 
solution is similarly reduced, so that these bands can be attributed to the 
acid oxalate ion. For the oxalic acid solution in D20 three bands remain 
in this region to be assigned, i.e. at 838, 819 and 786. The 838 band is 
considerably weaker than the other two, and possibly could be due to v(C-C) 
of the HDC2O4 molecules. Other bands due to the presence of HDC20i+ were 
not observed, but this can be accounted for, since, for the other Raman 
bands, either they are weak or the strong bands of H^Ot* and D2C20.t come 
at almost the same frequency. Only partial deuteration was achieved and 
the D20 solvent contained a little HDO contamination, so it is likely that 
some HDC20u will be present, but negligible quantities of H2C20it.
Hie 786 band is considerably stronger than the 819 band, which suggests 
that it should be assigned to the v(C-C) mode of D2C20if. However, 
comparison of the relative intensities of this band in D20 and acidified 
D20 with the band at about 1750, and the v(C-C) band of the H2C20u molecule 
with the band at about 1750 in H20 and acidified H20, suggests that it is 
less intense than would be expected. If the 819 band was involved in Fermi 
resonance with the 786 band it would explain the changed intensity pattern. 
In the acidified D20 solution the 851 band was not obvious and the 
positions of the other bands were observed to be 833, 811 and 784. These 
positions would be expected to be more accurate since the effect of the 
overlapping 851 band has been removed.^*87) if the 811 and the 784 bands 
a.re in resonance, then their unperturbed positions are about 797 cm 1.
Thus for the molecules H2C20ij, HDC20if, D2C204, the substitution of one 
hydrogen atom for a deuterium atom caused a shift of the v(C-C) frequency 
of 16 cm 1, from 849 to 833 and the substitution of the second hydrogen 
atom shifted the band by about 36 cm-1 to about 797. If the shifts were 
purely mass effects then it would be expected that they would be very
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similar, but the large difference probably reflects coupling differences 
for the three molecules. The above assignment requires the assignment of 
the band observed at 811, and possibly perturbed from about 797, to be 
assigned to a non-fundamental vibration. No suitable overtone or 
combination band can be found using the fundamentals observed in this 
study. Similarities in the spectra of the series oxalate ion, acid oxalate 
ion and oxalic acid molecule are apparent (see pp. 59,90 and 118). The 
oxalate ion was observed to have a weak band at 305 that was assigned to 
a CO2 wagging mode. The first signs of this band were observed at 
concentrations of about 0.33 M, which is more concentrated than a saturated 
solution of potassium hydrogen oxalate. (The most concentrated oxalic acid 
obtained was about 0.87 M.) It seems probable that the oj ((X^ ) modes are 
weak in the Raman effect, and so were not observed for oxalic acid in 
solution. The sloping background for the solutions in H20 and D20 also 
tends to obscure the presence of very weak bands. Adams and Kin/^ 
observed a band at 327 in the IR spectrum of anhydrous oxalic acid, and 
also bands have been observed in the 320-350 region of the IR spectrum of 
oxalic acid dihydrate and a partly deuterated 'dihydrate'. Thus it
is probable that oxalic acid in solution has a band about 300-350 that is 
too we ale to have been observed. Tie difference in frequency between the 
band observed at about 450 and the estimated unperturbed position, 797, is 
about 350. This suggests that the band observed at about 811 could be due 
to a combination of the 450, 0 (C07) fundamental and a CX^  wagging 
fundamental which has been enhanced by Fermi resonance with the v(C-C) 
mode observed at 784. If this assignment is correct then it implies that 
the symmetry of the oxalic acid molecule is such that the mtCO^ ) mode is 
totally symmetric, as the v(C-C) and the lower frequency 6(002) vibrations 
are totally symmetric under all the possible point groups of the oxalic 
acid molecule. The only point group for which the out-of-plane vibrations 
are totally symmetric is C^ .
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An alternative explanation of the 811 band, but still assuming that
the more intense 784 band is the v(C-C) fundamental, is that it could be
due to y(OD) out-of-plane OD deformation. However, the frequency of the
band is higher than would have been expected. It is knownthat the
(74)Y(OH) is commonly relatively pure, and Novak has shown the relationship
between v(OH) and y(OH) for many compounds. For solutions in acetone and
ether the v(OH) vibration could be observed to occur at about 3000. If it
(74)is assumed to occur at 3000 in solutions in H20 then it can be predicted 
that the y (0H) mode probably occurs about 920 and hence the y (OD) vibration 
would be expected at about 650, if it is 'pure'. Conversely, if the y (0D) 
vibration is observed at 811, then the y (0H) is predicted at about 1147 
and v(0H) at about 1750. This is obviously unacceptable, so either this 
assignment is incorrect or for oxalic acid the v(0H) and/or the y (0H) 
vibrations cannot be considered to be pure. Since the 811 band is polarised 
its assignment to an out-of-plane deformation would again imply that the 
symmetry of oxalic acid in solution is C^ . Whichever explanation of this 
band is correct, its appearance in the spectrum of deuterated samples only 
shows that either it is due to a band that is greatly altered by 
deuteration. (i.e. the y (0H) mode has not been identified), or other bands 
are shifted to a suitable frequency to enable Fermi resonance to take place.
The Raman band observed at 726 for solutions in I120 was found to be 
weakened by acidification. However, it is believed to be a genuine 
vibration of oxalic acid since a moderately intense band was observed by 
Bellamy and Pace 1 at 720 in the IR spectrum of g-oxalic acid and at 
724 in the IR spectrum of the dihydrate. The acid oxalate ion has a much 
more intense band at about the same frequency, which would account for the 
weakening of the band on acidification. The 726 band disappears on deuteration 
and a very weak Raman band is found at about 678 for solutions in D20 and at about 670 
in acidified D20. . The differences in frequency may be of experimental origin or 
be due to the presence of the acid oxalate ion in the non-acidified solution
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since for potassium deuterium oxalate solutions a band was observed at
681 (see p.97 ). This band can probably be assigned to one of the CC^
deformation modes. Also, if the y(OH) vibration is assumed to be at 920,
then the simple — relationship predicts y(0D) will be about 650. For 
/2
the solution spectra studied the out-of-plane modes have usually not been 
observed or have been extremely weak, so the assignment to a CO^  
deformation is more reasonable. For gaseous oxalic acid a band was 
observed at 660 by Stace and Oralratmanee, that for the non-intra-
mo lecularly bonded model was assigned predominantly to a CO^  deformation.
Hie IR spectrum of oxalic acid in acetone and ether both have a band 
at 679, and methanol may have a shoulder at about 699 (superimposed on a 
very wide solvent band), These bands can probably be assigned to the 
same CO 2 deformation as the 726 band in H20 solutions shifted by solvent 
effects.
The second CO2 deformation can be assigned to the Raman band observed 
at 445-457 for solutions in H20 and D20, and their acidified solutions, 
methanol and acetone. This fundamental, unlike the other C0? deformation, 
is very insensitive to the changes, oxalate ion, acid oxalate ion to oxalic 
acid, and to deuteration. For the oxalate ion it was observed at 448, and 
at 447-452 for the acid oxalate ions.
The solutions in acetone were observed to have a very weak IR shoulder
at about 545 and a very weak Raman shoulder at about 551. Comparison of
the solutions in H20 and D20, and acidified H20 and D20, with the solvent 
alone suggests that oxalic acid has a broad, weak Raman band centred about 
570. Unlike acetone, H20 and D20 have a sloping background in this region, 
so that the weak, wide bands are not easily distinguished from the back­
ground. These bands can probably be assigned to a CO2 rocking mode.
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C4.6 Non-fundamental vibrations
Tie 811 band, observed only in the Raman spectra of oxalic acid in 
D20 and acidified D2O, has already been discussed in connection with the 
v(C-C) vibrations (see p. 142). While it is unlikely, from its position, 
that the 811 band is a fundamental, the possible assignment to a 
combination of the 450 band with a fundamental about 350 that is too weak 
to be observed at the concentrations of oxalic acid used must be 
tentative. The 811 band is much stronger than would be expected for a 
non-fundamental. It could be suggested that it had gained energy by 
interaction with the v(C-C) fundamental at 784. The intensity of the 
784 band is not as great as that often observed in this study for a 
v (C-C) fundamental.
A moderately weak band was observed in the IR spectrum of oxalic
acid in acetone at 2584. Tie same band may be observed in the IR spectra
of solutions in ether, methanol and H20, but, especially in the last two
cases, the region is indistinct. This band can be assigned to a
combination of a v(C=0) mode or modes with the v(C-C) vibration. This is
also the region where combination bands between v(C-O) and 6(OH) may be 
(91)expected.^  J In the present case it is not possible to be more explicit 
since the 6(OH) bands were probably seen among the 1200-1500 group and 
close estimation of the frequency was not possible.
Tie wide band observed about 1900-1980 in the IR spectrum of oxalic 
acid in methanol, acetone and probably H20 can be assigned to a combination 
of p(C02) and v(C-O), 555 + 1440 = 1995. Other possible combinations 
include 6(C02) and v(C-O), 700 + 1230 = 1930, and the 5(OH) bands with the 
700 and 555 fundamentals. Tie 1900-1980 band is not observed very clearly 
in these solutions but, assuming it is genuine, it is reminiscent of the 
broad band observed in this region for the powdered acid oxalates (see p. 
for a further discussion of the broad bands found in hydrogen bonded systems).
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C4.7 Summary
Oxalic acid fundamental assignments
•j*Frequency
(average)
Observed
activity P
**Assignments
under
Approximate
description
-3000 IR Vi A v(0H)
1755 IR -i- R P V3 A v (C=0)
1730 IR v* A v(C=0)
1440 R P Vs A v (C-0)
1075 IR + R P V 6 A 6 (OD)
S 50* IR + R P V 7 A 6 (OD)
1230 IR + R P Vs A v(C-0)
840 IR + R P V11 A v(C-C)
700 IR + R P V 1 2 A 6(C02)
555 IR + R ? V I 3 A p(C02)
450 R P VJ.I+ A 6(C02)
t Average frequencies observed in protonated solvents, unless 
otherwise stated.
Bands observed in u20 solutions and placed in the above table 
where the corresponding 6 (OH) bands probably occur (see p. 140).
* if In the above numbering it is assumed that the y(OH) vibrations 
occur between 1230 and 840 cm-1.
04.7(a) The symmetry of the oxalic acid molecule in solution
Hie discussion of the pattern of v(C=0) modes observed (see pl35 ), 
has ruled out the possibility that oxalic acid has a centre of symmetry 
in the polar solvents used in this study. The other literature cited 
supports this, and further there is some evidence that free rotation, or
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at least an absence of definite conformations, occurs in solution in polar 
solvents. It has been assumed in this study that the polar solvents used 
all have a very similar effect on the oxalic acid conformations. The large 
number of coincidences among the lower frequency vibrations can leave no 
doubt that the centre of symmetry has been lost. The general difficulties 
of measuring the oxalic acid bands between the strong solvent peaks 
probably contributes to the IR and Raman bands often not occurring at 
precisely the same frequency.
Of the possible point groups described in the Introduction, C^, C2,
Cr. and C-j remain, if it is assumed for the moment that a particular 
symmetry can. be ascribed to the molecule in solution. The observation of 
eight polarized Raman bands eliminates C2 . Of all the possible point 
groups, the C2v, planar with the C=0 groups cis to each other, would be
expected to have the highest energy, and so be least favoured, Mien the
vibrations under a point group are correlated with those under C2, for 
each pair of g and u modes under one becomes an A vibration under C2 
and the second a B vibration. (For the in-plane modes the correlate to 
A, but for the out-of-plane modes the Au correlate with A.) Thus 
observation of the Raman depolarisation ratio for both of a pair of 
vibrations should indicate if the point group is C2. The table of 
fundamentals shows three such pairs, i.e. the v(C-O) modes at 1440 and 
1230, the S(0D) at 1075 and 950, and the <5(C02) at 700 and 450. In each of
these cases both members of the X->air were found to have polarised bands.
The elimination of CA point group symmetry as described in Case 3 (see 
p. 99), is surprising since it can include any dihedral angle provided 
the acid groups are both identically arranged and the COOH groups are planar.
The Cg point group symmetry cannot be definitely eliminated from the 
observations made in this study, since this requires the assignment of the 
out-of-plane fundamental vibrations and the bands being polarised. If
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either of the suggested assignments of the 811 band is correct (see p.143), 
then the molecule cannot have Cs symmetry, since either the wfCO^ ) or the 
Y(OH) vibration must be totally symmetric. The only band whose 
depolarisation ratio is very uncertain is the band at 555. This has been 
observed as a shoulder in solutions in acetone and as a very weak, wide 
band on a sloping background for solutions in H2O and D2O and the acidified 
solutions in H20 and D20. It would seem from the solutions in D20 that the 
depolarisation ratio is large, but it is impossible to measure it even 
approximately. This band has been assigned to a CC>2 rocking mode, which 
seems most probable from the frequency, but if it was an out-of-plane mode 
then it would suggest the possibility of Cg symmetry. For the two possible 
arrangements for Cs symmetry, 'that with the C=0 groups cis and a planar 
molecule.(Case 10, p.100) seems very unlikely as it would be a high eneygy 
arrangement. For the second possible C^  arrangement (Case 6, p.99 ), with 
■the C=0 groups trans, and a planar molecule, the possibility of one hydrogen 
bond being formed makes this not as energetically unfavourable.
It is most likely that the symmetry of oxalic acid in polar solvents
should be classed as C^ . Since, at a first approximation, the carbon atoms
can be considered to have sp“ hybridisation, and hence each CCh group would
be expected to be planar, the reduction from C2 symmetry is most likely to
be connected with the hydrogen atoms in the two groups not being identically
arranged. Such an arrangement would agree with the spectroscopic evidence
of this study and the UV study of Maria and McGlynn^^ and also with 'the
ro-n .dipole moment study.
S E C T I O N  I I
SOLID STATE SPECTRA
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A. Oxalates as polycrystalline samples
Al. Introduction
Nine oxalates are compared to illustrate the variation found among 
the simple oxalates. Lithium and sodium oxalate form anhydrous crystals 
\ri.th the oxalate ion in a planar configuration. Potassium crystallizes 
as a monohydrate with a nearly planar oxalate ion. Deuteration and 
dehydration enable the effects of hydration to be assessed. Since the 
space group for the dehydrated potassium oxalate has not been reported 
in the literature, it is of interest to use the X-ray powder pattern and 
the IR and Raman spectra to find if the space group can be assigned from 
this information.
The oxalate ion in ammonium oxalate monohydrate is known to be 
twisted about the C-C bond, with a dihedral angle of about 28°, and so 
in marked contrast to the previously described oxalates. The unit cell 
is not centrosymmetric, again in contrast to those mentioned before. 
Dehydration can help to distinguish the bands of the NH* ion from the 
■water bands and also it may give an indication of the configuration of 
the oxalate ion-in the anhydrous crystal. The calcium oxalate monohydrate 
crystal is exceptional in having a large unit cell with oxalate ions and 
water molecules occupying two distinct sets of sites. The previously 
described oxalates may be expected to show factor group splitting due to 
sites with an accommodation number greater than one, but additionally for 
the calcium oxalate monohydrate splitting may also be expected due to the 
oxalate ions occupying two distinct sets of sites in the unit cell. The 
IR and Raman spectra should indicate if the type of unit cell is similar 
after dehydration.
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A2♦ Literature Survey
A2.1 Introduction
Hie literature survey has been arranged to present the spectroscopic 
studies of lithium, sodium, potassium, ammonium and calcium oxalates 
followed by a description of such crystallographic data necessary for the 
interpretation of IR and Raman spectra of powdered samples.
A2.2 Passerini (1935)
(92!PasserimA " observed the near-IR region, 1.30 to 2y, of a number 
of hydrated compounds, including crystalline lamellae of ammonium oxalate 
monohydrate of 0.3 to 0.37 mm thickness. The absorption in this region 
ivas compared with the absorption of gaseous and liquid water. His 
Table I shows the absorption maxima to have been located at 1,385 and 
1.828 y. Hie reproduced spectra show these to be very weak bands, and 
the stronger bands, with maxima at about 1.6 and 2.25 y, were not assigned.
A2.3 Lecomte and Freyman (1939) and Douville, Duval and Lecomte (1941-42)
(Q3N*Lecomte and Freyman. J recorded the IR spectra of various salts, .
including a few oxalates. Hie 1941-42 papers of Douvilld, Duval and 
n  2 21)Lecomte * * extended these results to include the IR of fifty simple 
and complex oxalates in the region 550 - 1660 cm 1. (Hie 1942 paper 
is a more detailed account of the work in the 1941 paper, with a little 
difference in interpretation.)
For simple oxalates Douville et al^2>2^ were able to recognise
Observed IR bands
Douville, Duval and Lecomte 
(1941-1942)
Lecomte and 
Freyman (1939)
Assignment
Li2C20i, Na2C20i, K2C20**H20 (Mil,) 2C20i, “H20 CaC20i, CaC20i, °H20
162S(s) 1587(s) 1612(s) 1523(s) 
1375(s)
1581(s) 1592(s-m) v8
Mit
1281(s) 1268(s) 1276(s) 12S7(s) 1294(s) 
1080(w)
1307(s-m) 
1105(w)
v5
1003 (w)
930(w) 941(w)
1021 (vw-?) 
942 (vw-?)
815 (w) 896?(w) 875(w) 875(vw-?) 
833(vw-?)
768(s) 762(s) 764(s) 792(s) 771(s) 780 (s-m) v5
719? (w) 717?(w) 714 (w) 712 (m) 2v9
664? (w) 646?(w) 673(w) 663(s) 686 (vw-?) via
646 (w) 646?(w) 637(s) 647(s) 658(vw-?) 2V7
*
The table heading states that generally the crystals contained one or more molecules of water.
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five principal regions of absorption, about 665 (w), 720-740 (m or w),
750-800 (s), 1200-1300 (vs) and 1500-1600 (vs). Complex oxalates were
distinguished by three additional bands and shifted bands when compared
with the simple oxalates. Band assignment was made by comparison with
(13')NaOt, that had previously been investigated by Sutherlandv J , under D2^ 
symmetry (see Appendix 8 for a pictorial representation of these modes). 
Douville et al accounted for the band at 640-650, seen for some oxalates 
as possibly being the overtone, 2v7, which they stated could not be active 
in the case of perfect symmetry, with a centre of symmetry, but which 
is able possibly to enter into resonance with Vi0. The band between 
710-730 was assigned to the overtone 2v9 which they stated could perhaps 
be in resonance with v6. For vibrations to be in resonance with each 
other it is necessary for them to have the same symmetry. Unless Douville 
et al envisaged the symmetry to be reduced to a point group having 
degenerate symmetry species, any first overtone will be totally symmetric 
and so will only be able to enter into resonance with another totally 
symmetric vibration. However, their Fig. 3 shows that Vio has B^  
symmetry and v6 has B^ u symmetry (see Appendix 8).
Douvilld et al supported their assignments by calculating the 
molecular constants of the oxalate ion, using the equations of Sutherland 
and Dennison. ^  . The value of the C-0 force constant they obtained
confirmed their conclusions that resonance existed between the valencies 
of the two oxygen atoms fixed to each carbon atom.
The results for oxalates and other salts of mono- and di- basic cyclic 
and acyclic acids were discussed in a second paper of 1941.^®^ The C02 
group was considered as a system of three vibrating masses, with symmetric 
and asymmetric stretching and angle deformation vibrations. Resonance 
between the bonds of the two oxygen atoms attached to the same carbon atom
for salts, and the absence of the absorption between 1700 and 1800 cm 1,
was compared with the strong absorption seen in this region for esters and
organic acids. They believed that it was probably necessary to consider
simultaneously the vibrations of both carboxyl groups for malonate ion as
f 2V)well as for the oxalate ion, as they had done previously, - so that between 
1250-1450 four bands were predicted, not two, corresponding to the symmetric and 
asymmetric stretching vibrations. They predicted that with greater dis­
persion the two observed bands would perhaps become double. Where the two 
carboxyl groups were at a greater distance from each other, such as for the 
succinates and adipates, the carboxyl groups were expected to regain their 
independence and the simple interpretation of two vibrations, symmetric and
asymmetric could be readopted. The calculations and assignments used for 
(21) .oxalates were discussed and other salts considered.
A2.4 Lecomte, Pobequin and Wyart (1943-45)
(95 96jLecomte, Pobequin and Wyart 5 studied the various forms of calcium 
oxalate by dehydration curves, X-ray powder patterns and IR spectroscopy.
This enabled them to distinguish four hydrated forms, the most stable a 
monohydrate, A, and three trihydrates, B, C, D, and one anhydrous foim.
Observed IR bands*
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Anhydrous A B C D
1621 1629 1647 1613 1600
1318 1325 1325 1348 1319
1064 11301010
1129
941 943
880
840
909
776 774 774 775 781
•k
The original data was in microns. No assignments were given.
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(97)Canals and Marignan studied the IR spectra, in the 2800 to 3600 
region, of oxalic and tartaric acids and a number of their salts to observe 
the effects of the different crystals on the bands assigned to the water 
of crystallisation.
Observed IR bands
A2.5 Canals and Marignan (1945)
Potassium oxalate monohydrate Ammonium oxalate monohydrate
3480 (vw) wide line
3413 (vw) band, width 60 cm 1 3398 (vw) wide line
3244 (w) band, width 70 cm-1 3242 (m) band, width 138 cm 1
3024 (s) band, width 103 cm 1
2881 (m) band, width 56 cm 1
Canals and Marignan compared the spectrum of liquid or dissolved 
ammonia with the bands and lines observed for ammonium oxalate. They 
noted the difficulty of observing the water absorption in the presence 
of the ammonium ion.
A2.6 Marignan (1948)
Marignan^3^ observed the Raman spectra of a number of compounds, 
including potassium and ammonium oxalate.
He considered that his results confirmed those of Douvilld, Duval 
(12)and Lecomte and that the oxalate ion had a symmetry neighbouring D^. 
Marignan observed less than six bands for potassium oxalate and these 
were not coincident with the IR bands observed by Lecomte. For ammonium
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Observed Raman bands
KzCzOi,. *H20 (iNH4)2«C20It-H20
1618
1596
1476
1440 1439
1222
1066
875 879
742
703
422 422
oxalate moi~e bands were observed, but Marignan stated never reaching 
eleven, and some of them were associated with the presence of an ammonium 
group. (The number eleven refers to the total number of IR aid Raman 
bands active for the oxalate ion in symmetry.)
A2.7 Childers and Struthers (1955)
(99)Childers and Struthers- studied the IR spectra of the sodium salts 
of a number of monobasic and dibasic acids. Their investigation was 
undertaken to evaluate the feasibility of a method for analysing mixtures 
of simple organic acids based on the IR characteristics of their anhydrous 
sodium salts. The spectra of the salts were found to be almost identical 
in the 'functional group' region, 2.0-7.5y , but the region to 15y showed 
a number of sharp, specific bands, suitable for analytical purposes in 
almost all of the salts examined.
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Useful IR bands observed for sodium oxalate
1339
1311
971
775
•k The original data were in microns
A2.8 Duval (1955-56)
Duval considered the thermal stability of a large number of analytical 
standards, including sodium oxalate and ammonium o x a l a t e a n d  the 
IR bands were listed.
Observed IR bands
Ammonium oxalate (anhydrous)* Sodium oxalate
1700 (ms)
1600 (vs) 1587 (vs)
1455 (vs)
1310 (5) 1268 (vs)
1079 (vw)
891 (vw)
863 (vw)
810 (vw)
779 (w)
772 (S) 762 (much weakerthan 1587)
717 (vw)
664 (much weaker
than 1587)
Duval found that the hydrated form corresponded to 0.95 molecules of 
H2O, and not precisely the monohvdrate, so he concluded that it was 
preferable to use the anhydrous salt, and the IR data were for the 
anhydrous form.
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A2.9 Ito and Bernstein (1956)
Ito and Bemstein^*^ were mainly concerned with spectra of the 
oxalate ion in solution, but some consideration was given to the IR 
spectrum of solid sodium oxalate, in connection with the symmetry of the 
oxalate ion (see also p. 25).
Observed IR bands of sodium oxalate
Frequency Assignment
fundamentals
1640 ) 
)1405 ) 
) 
)
Vs B^ C-0 stretch. "Split 
by Fermi resonance into two bands
of equal intensity"
1319 v5 B., C-0 stretch lu
766 6^ B^ u COO deformation
507 1^2 B^  COO rocking, 0 .0.p.
Combination and difference bands
Frequency Assignmentfundamentals ^
3134
3054
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*Combination and difference bands (Cont)
Frequency
fundamentals Assignment
2935 Vio + V 5 B2u
2862 ■?
2767 Vi + V5 3iu
2479 ?
1885 9
1249 V 8 ~ V n Blu
1029 ?
898 Vio -  V6 B2u
873 ?
854 Vs -  V 3 Blu
611 v3 + V9 B2u
533 V 7 -  VG B3 u
363 Vio -  V 5 B2u
k See p.25 for a description of Raman fundamentals
Ito and Bernstein referred to a paper by Jeffery and P a r r y a n d  
stated that the oxalate ion had been found to have symmetry in the 
solid state. As previously pointed out, this reference does not refer 
to sodium oxalate, but elsewhere Jeffeiy and Parry^ showed sodium oxalate 
to be planar and D^, within their accuracy of measurement. Ito and 
Bernstein did not observe the Raman spectrum of solid sodium oxalate.
The two IR bands at 1405 and 1640 were assigned to a 'doublet' explained 
by Fermi resonance between v8 (B^) and v5 + Vn , since only one
band at 1555 had been found in the solution spectra. Since Fermi 
resonance was known then to be a symmetrical perturbation it is very
difficult to understand how they arrived at this assignment. The band 
Vi i was observed in the Raman of solutions, so it is probably not very 
sound to assume that it will have the same frequency in the solid, and 
indeed this applies to any comparison between bands observed in different 
phases. If it is assumed that vu has the same frequency in the solid 
as in solution, then, Vu + v5 = 300 + 1319 = 1619. The mean of the two 
frequencies 1405 and 1640 is 1523. Ito and Bernstein seem to Indicate 
that they considered that the 1555 band of the solution spectra to be the 
unperturbed position of the vQ fundamental. Thus both of their 
unperturbed positions are on the same side of the mean position of the 
observed lines, and, after allowing a reasonable amount for solvent shifts 
and anharmonicity, it does not seem possible that the assignment was 
correct. Usually, for two bands of equal intensity, the unperturbed 
positions should be very close. When their Table V of combination and 
difference band assignments is examined, it can be seen that some 
difference bands were assigned but the corresponding combination band 
was not assigned. Some of the observed bands were not able to be 
accounted for by binary combinations of their listed fundamentals.
A2.10 Graddon (1956)
Graddon^^ observed the C-0 stretching region of the IR spectrum 
of potassium oxalate monohydrate, during a study of the absorption spectra, 
UV and IR, of oxalato complexes. IR bands were observed at 1628 and 1650 
for potassium oxalate in nujol mull. Comparison was made between these 
values, where the linkage to neighbouring atoms was by 'ionic bonds' and 
absorption occurring in the 1700-1750 region for esters, where the linkage 
to neighbouring atoms was by T covalent bonds1. ' Ionic bonds1 seems to
ignore the hydrogen bonding that had been known to occur in solid potassium
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oxalate monohydrate since the work of Hendricks (1935). Graddon 
mentioned the equivalence of the oxygen atoms for the carboxylate ion.
An attempt was made to use the position of IR absorption as a measure of 
the-ionic-covalent nature of the co-ordination in the complexes. Only 
partial success was found to have been obtained when the IR data were 
assessed with the other indications of the complex structure. Hydrogen 
bonding in the solid complexes and differences in the co-ordinate linkages 
between solid and solution were thought to have been the causes.
A2.ll Murata and Kawai (1956)
(14)Murata and Kawai observed the IR spectrum of potassium oxalate, 
and assigned the bands under symmetry.
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Observed IR fundamental frequencies
Observed
frequency
(intensity)
Calculated
frequency Assignment
1627 (s) 1600 v>
1338 (s) 1375 v5 (Blu)
768 (s) 757 VS CBl u )
The observed data from the IR spectrum of the solid was used with 
the Raman data from aqueous solutions for a normal coordinate calculation 
of the oxalate ion frequencies (this was discussed further on p.24 ).
A2.12 Fujita, Nakamoto and Kobayashi (1957)
(29)Fujita, Nakamoto and Kobayashi observed the IR spectrum of a
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simple oxalate and compared it to the spectra of oxalato complexes.
(The simple oxalate used is unspecified, although the X-ray data for sodium 
oxalate are mentioned elsewhere.)
Observed IR bands of free oxalate ion
Frequency Assignment*
1630 B2u asym v (C-0)
1335 ) 
1316 ) Biu
sym v **(C-0)
768 Blu asm 6 (0-C-0)
518 B2u sym 6 (C-C-Q)
*
The descriptions of the vibrations differ somewhat 
from those of Ito and Bernstein. probably because 
Fujita et al were concerned with C,, symmetry also.u v
** Both of these bands seem to have been assigned to the
one B, fundamental. lu
Fujita et al assigned their observed IR bands of the free oxalate
ion under symmetry and considered the shifts that would occur in these
bands when conplexing took place and the ion symmetry was changed to C ^ .
(14) 'Hie Raman bands observed by Murata and Kawai for potassium oxalate 
solution were used to assess the shifts of bands that became IR active 
when the symmetry was lowered to C^.
A2.13 Schmelz, Miyazawa, Mizushima, Lane and Quagliano (1957)
f 281Schmelz et al^  used observed IR data of oxalate powders, together
\with the Raman, solution, data of Edsall,^^ to calculate the normal 
vibrations of the free oxalate ion and make the band assignments. This 
information, and the IR band assignments of dimethyl o x a l a t e w a s  used 
to assign the IR bands of oxalato complexes.
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Observed IR bands of simple oxalate powders
Li2C2;0V Na2C20it k2c2o,»h2o CaCoOt, «H20 V
calc*
Assignment
3370 (s) 3400 (s) 
5300 (s) 
3020 (s)
1650 (vs) 1640 (vs) 1600 (vs) 1620 (vs) ' 1544 v§ B2u V 0^1420 (m) 1418 (m) 1408 (m) 1365 (m)
1330 (vs) 1338 (vs) 1310 (vs) 1316 (vs) 1335 v5 Biu vs(O-C-O)
943 (m)
881 (m)
782 sh 780 sh
771 (vs) 774 (vs) 772 (s)
716 (m) 
613 (s)
780 (vs) 
660 (s)
777 v6 Blu 6 (O-C-O)
507 (s) 514 (s) 523 (s) 511 (s)
434 (s) 416 (w)
370 (s) 360 (m) 349 (m) 305 (s)
*Calculated frequencies for Raman bands compared with Edsall's observations
Observed p Calculated Assignment
1647 - 1595 v x o B3g va(0-C-0)
1489 P 1407 Vx A v (O-C-O)
902 P 973 v2 A v (C-C)
456 - 412 v3 A 6 (O-C-O)
317 - 432 v x i B3g C02 rocking
*
Potassium oxalate observed values were used and D symmetry assumed.• 2h
For the normal coordinate calculation a Urey-Bradley type potential
was used, with the force constants of ethane aid the formate and acetate
ions, and an oxalate ion of symmetry. Ammonium oxalate monohydrate
(17)molecular constants were used. It is apparent from their table that
no observed bands were assigned to out~of-plane vibrations. The v9, B^,
C02 rocking mode was not believed to have been observed but its frequency 
was calculated as 222 cm 1, Schmelz et al found that the ’azimuthal 
angle 9 of the internal rotation about the central C-C axis' was not 
included in the G and F matrices for B.,, so that the B-^ frequencies of 
were expected to become Raman active for D? without a change in frequency. 
Conversely, B? and B^  G and F matrices contain 0, so their frequencies 
were expected to change considerably:
"The G and F matrices of the B^ ~ and B2-type vibrations contain 9 and 
therefore change considerably with a change of internal rotation.
This change is most marked for the O-C-O rocking and wagging frequencies 
It would be interesting to compare the Raman effect of K2C20k»H20 in 
the solid state with that in aqueous solution.
Probably in aqueous solution the energy of conjugation between the 
two O-C-O groups is reduced and thus steric repulsion between them 
becomes more important, resulting in an out-of-plane twisting about 
the C-C bond. It is easily seen that the steric repulsion potential 
is a minimum when one O-C-O group is at right angles to the other."
They seemed to have ignored other changes in the G and F matrices that 
would be expected to be concomitant with the change in geometry.
The IR absorptions at about 1600-1650, 1310-1338 and 771-780 were 
assigned to O-C-O asymmetric stretdi, O-C-O symmetric stretch and O-C-O 
in-plane deformation vibrations respectively. The asymmetric stretching 
vibration of the monohydrates was overlapped by the deformation frequency
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of the water molecule. Deuteration showed that the broad absorption band 
at about 680 for the monohydrates was related to the water molecule. No 
assignment was given for the strong IR band seen between 507 and 523 for 
all of the simple oxalates observed.
A2.14 Collman and Holtzclaw (1957)
Collman and Holtzclaw observed, the IR spectrum of potassium 
oxalate monohydrate in the course of a study of rhodium complexes including 
cis-potassium dichlorodioxalatorhodate(III) monohydrate.
Observed IR bands of potassium 
oxalate monohydrats_________
3200 (s)
1625 (s) b
1413 (m)
1315 (s) b
778 (s)
717 (m)
A2.15 Siebert (1959)
(104)Siebert compared the spectra of free and complexed oxalate ions.
He considered the effects on the symmetry and frequency that were associated 
with complex formation. The source of his data for the free oxalate ion 
was not specified.
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Assignment of oxalate ion bands under D2h
IR Raman Assignment
1647 B,Jg vas(C°2)
1640 B,.2u vas(c°2)
1481 Aoo vs (C02)
1330 TJlu vs (C02)
902 A
6
v (CC)
774 lu 6 (C02)
A2.16 Flett C1962)
Flett*'1^  investigated the intensities of some group characteristic 
IR bands, including the sodium salts of various acids. It was found that 
the B values were more constant than the molar extinction coefficients, 
where B is the integrated intensity of a band,
I
B - k log ^ 2. dv
The extremely intense, fairly sharp, anti-symmetric stretching mode 
of the C02 group at about 1580 cm 1 (1616 for sodium oxalate) was used. 
The symmetric C02 stretching mode, found between 1390 and 1470 cm-1 often 
had the form of a broad absorption region with two or three sub-peaks so 
the anti-symmetric band was more suitable for diagnostic purposes.
A2.17 Vlasov, Lapitslcii, Salimov and Strizmicov (1962)
Vlasov et al^°^ studied the temperature effects and IR spectra of
the oxalatoniobiate complexes, M3 [Nb0(C20i*) 3^j *2H20, where M = NH4+, Na+ 
or K+. The assignments followed those of B e l l a m y a n d  Lecomte^^ 
Redrawn 'stick’ spectra of sodium, potassium and ammonium oxalate were 
also shown, but no precise frequencies were quoted. However, their
spectra were so different from those of previous authors, such as Schmelz
(28) f 103) .et al and Collman and Holtzclaw, * that they must contain spurious
or impurity bands, e.g. the band at about 2350 that appears in ail the
simple oxalate spectra.
A2.18 Begun and Fletcher (1963)
Begun and. Fletcher were interested in the vibrational spectra of 
•die aqueous oxalate ion, but as they were unable to observe all the bands 
they expected in solution, they also considered die IR spectra of sodium 
and potassium oxalate in the solid state.
Observed IR bands
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0 2 0 ij. eH20 
KBr disc
K2C2O4 'H2O 
mull
Na2C20it
KBr disc
Na2C20it
mull
Inten­
sity
*
Assignment
1610 1625 (s ) v5 B2 C-0 stretch
1312 1317 (s) V 7 E C-0 stretch
772 777 (s ) V s E CO2 rock
614 616 611 2V g ?
525 525 527 518 (s ) V 6
B 2
C02 deformation
* The assignment is based on the symmetry of the oxalate ion in 
solution.
The 524 band was observed in die spectra of the solid materials only.
-  1 6 8  -
Begun and Fletcher assigned the 524 band to the B£ C02 deformation, as 
the antisymmetric O-C-O deformation of B^  species, under the symmetry 
of the oxalate ion in solution, was expected to be close in frequency to 
the deformation which was observed at 449 cm-1. Hie 1610-1625 band, 
assigned to vs, corresponds to one of the bands assigned to the Fermi 
resonance pair 1579 and 1452 in solution. Fermi resonance in the solid 
was not discussed.
A2.19 Sahini, Beldie and Damaschin (1966)
. . (31 )Sahini et a'1 observed the IR spectrum of potassium oxalate and 
the Raman spectrum of sodium and potassium oxalate. These 'were compared 
with the spectra of aluminium oxalato complexes.
Observed IR and Raman bands
Raman IR
1610
1600
1443
1320
877
780
620
527
These IR positions were identical presumably 
for potassium and sodium oxalate.
The absence of IR and Raman coincidences was considered to confirm
( 12)02^ symmetry, in agreement with Douville, Duval and Lecomte^  J and 
Marignan.^ -98^  Solution spectra were also observed (see p.36 for a
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discussion of these). Sahini et al compared the frequency shifts in 
going from solid to solution for free and complexed oxalate ions.
A2.20 Lorenzelli, Gesmundo and Randi fiS66)
(109) „Lorenzelli, Gesmundo and Randi studied the far-IR spectra,
i5-150]i, for some simple and complex oxalates in the crystalline state.
Lorenzelli et al discussed at length the assignments of previous 
authors and possible geometries of the oxalate ion, including site 
symmetries and the activity of the torsional mode for potassium, sodium 
and ammonium oxalate. However, some of the crystal data was incorrect. 
Lorenzelli et al refer to a paper of Becker and Jancke^-^ that showed 
lithium oxalate to have orthorhombic symmetry, whereas the more recent 
paper of Beagley and Small showed it to have monoclinic symmetry.
Hie site symmetry of the oxalate ion in potassium oxalate is C., so that 
their Table IV should show the torsional mode to be IR active only. The 
factor group was not considered.
Lorenzelli et al compared the absorptions of the oxalates shown in 
the table on p. 169 and many others. A series of bands was found in the 
region about 500 cm 1, and these were assigned to the B^ u, v6, deformation 
mode. This was compared with the assignment of the totally symmetric 
deformation vibration to the Raman band at about 450. A second series of 
very intense bands was found at about 250 cm 1, which were assigned to the 
Vi2i B^, vibration. The torsional vibration was assigned to the bands 
about 100-200 cm 1. They believed that these bands were internal vibrations 
of the oxalate ion, not external modes that they knew might also occur in 
this region. ■
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Q12 1131Prask and Boutin ’ used the inelastic scattering o£ low energy 
neutrons (0.005 eV) to study the translational and librational motions of 
the water molecules in potassium oxalate monohydrate and monodeuterate. A 
'cold time-of-flight' spectrometer was used, with powdered samples.
■ *^1131In the 1965 account, Prask and Boutin ' assigned peaks at 736, 624
and 560 to water torsional modes, and a sharp peak at 192 to the stretching
motion of an H20 molecule hydrogen-bonded to the oxalate ion. The positions
of the observed bands were shifted in the second paper, and the later values
\are given in the table.
A2.21 Praslc and Boutin (1965-66)
Observed peak positions (1966)
K2C20i,. «h2o K2020i( <’D20 Assignment
700 505 A*H20/D20 wagging
605 450 H20/D20 twisting
500 370 H20/D20 rocking
195 190 hydrogen-bond stretching (tentative)
145
110
136 ))) lattice modes 
)
)95 94
*
The paper probably contains a misprint, as in .one place, for D20, 
this is given as the rocking vibration.
The broad peaks, centred at 650 for the hydrate and 465 for the 
deuterate, were found to be best explained by transitions at 700 and 605 
for the monohydrate and 505 and 450 for the deuterate.
Praslc and Boutin define the librational modes of a rigid water 
molecule as: rocking, for the motion about a principal axis perpendicular
to the H-O-H plane; twisting, motion about the H-O-H bisector; and, 
wagging, motion about a principal axis in the H-O-H plane and perpendicular 
to the H-O-H bisector. They state that all three librational modes should 
be observable in the neutron scattering experiment but only the wagging 
and rocking motions are IR or Raman active for a symmetry as high as C^. 
Whilst for an isolated water molecule only two of the three librations 
would be active under C?v, for a water molecule in potassium oxalate 
monohydrate, the effects of the site and crystal symmetry cause three 
librations to become IR active (see Appendix 7)„
The non-specific direction of the water lone pairs ^ ~^was believed 
to lead to the water molecule being comparatively loosely bound in the 
lattice and being particularly free to wag. The results of the neutron 
scattering study were compared with the PMR results of McGrath and 
P a i n e . T h e  assignment of the 500 cm 1 peak to the rocking motion 
was supported by the calculated 490 position of McGrath and Paine from the 
PMR study. The observed 605 peak was assigned to the twisting mode, and 
compared with the value of 540 calculated by McGrath and Paine. The ’ 
highest observed peak at 700 was assigned to the wagging mode. The sharp 
peaks at 195, for the hydrate, and 190, for the deuterate, were tentatively 
assigned to hydrogen bond stretching vibrations. Lower frequency peaks 
were assigned to lattice modes.
This paper was criticised by Thaper et al.^^
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A2.22 Pedersen (1967)
C117)Pedersen studied the IR spectra of solid alkali metal oxalates, 
their hydrates, deuterates and perhydrates, in the region 650-4000 an-1.
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Pedersen assigned the observed bands by comparison of hydrated and 
anhydrous oxalates and by using the frequencies calculated by Schmeltz 
et al*"2^  and Murata and Kawai. For lithium and sodium oxalate there
was no hydrogen bonding, so all the observed bands were assigned to oxalate 
ion frequencies. Their 1658-1635 band was assigned to the antisymmetric 
0-C~0 stretching frequency, the 1340-1325 band to the symmetric 0-00 
stretching frequency and 775-770 to the in-plane deformation. Pedersen 
stated that:
"These three bands are strong absorption bands in all tire compounds
examined, ..."
Examination of the table of observed bands seems to indicate that 
she did not record tire band at about 1310-1340 for deuterated compounds. 
However, her Fig. 2 clearly shows a strong band for potassium oxalate 
monodeuterate at almost the same place as tire hydrate, so it is assumed 
that tire values were accidentally omitted from the table. Tire band 
observed at 1405-1430 was assigned to the vibration observed as "a strong 
Raman line at 1407 cm 1, which may have become IR active".
The OD bending band was observed at about 1207-1225, and the OH 
bending band was believed to have been masked by the 1595-1605 oxalate 
band. The 710-712 band of potassium and rubidium oxalate monohydrates was 
absent from the deuterated forms so these bands were assigned to a water 
torsional mode that is shifted below 650 cm 1 on deuteration.
Pedersen used the equation:
Av = 4.43 x 103 (2.84 - R) 
of Pimental and Sederholm, where Av is the difference in frequency 
between the observed band and the value of 3750 for the ’free’ water 
stretching mode, and R the OH. ..0 distance in the crystal, to calculate
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the OH...0 distances in the monohydrates. Calculated values for potassium 
and rubidium were 2.75 and 2.76, respectively, compared to X-ray values of 
2.746 and 2.785. The calculated value obtained for the caesium 
monohydrate was 2.76.
A2.23 Bardet and Fleury (1967)
Bardet and Fleury observed the IR spectra of potassium and 
ammonium oxalate. The paper also considered the IR and Raman spectra of 
their solutions. Their assignment of fundamentals and a normal coordinate 
analysis, under symmetry for 'the oxalate ion in solution, has already 
been discussed (see p. 39). No separate consideration of the oxalate ion 
in the solid phase was given.
Observed IR bands
Potassium Ammonium
oxalate oxalate
1644
1603
1594
1314
774
767
660
528
353
1427
1397
1314
804
779
719
641
497
419
352
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• (1 1 9 )Amau and Giguere 'observed the IR and Raman spectra of sodium 
oxalate as part of their study of sodium oxalate monoperhydrate.
Observed bands of sodium oxalate
Raman IR Assignment
2930 (vw) Vio + v8 Blu
2910 (w) 2vi or
. v8 + vs B°g
2862 (vw) - 
2780 (vw) . -
A2.24 Arnau and Giguere (1969)
2275 (vw) Vi i + V 5 B2u
1886 (w) Vi 1 + Vg Blu
1755 (w) 2v 2 A
g
1648
1618
(vs) ) 
(S) ) V io 3g
1638 (vs) v5 B., * lu
1458
1448
(S) ) 
(S) ) Vi Ag
1418 (vw) v5 3 Vxd.
1360 (m) V 2 + Vg Ag
1359 (sJ ) 
1321 (s) ) V 8 Bo2u
887
878
(vs) )
(s) ) V2 Aa0
778 (s) ) 
773 (s) ) v6 Blu
577
571
(m) ) 
(m) ) V11 B3u
520 (s) V9 B2u
- 177 -
Observed bands of sodium oxalate (Cont)
**
IR Raman Assignment
485 (s) ) v, A
475 (s) ) 3 Ag
308 (w) v7 B2 **
252 (m) v12 B3u
. 148 (m) Vi. AU.
** The band numbering has been changed to conform to the usual 
convention (see Appendix 2 ). Also, their band corresponding 
to v7 above has been changed to B,; ; from their equivalent of B,c
Both of these bands seem to be assigned to v5.
Low frequency bands
Raman IR
25°C “190°C 25°C -190°C
363 363
308 320 ' sh
-288 ■
' 284
-255 252 240
-235 
-225
200
174
167-170 -166 bd 148 154
156 166.5
135 141.5 132 136
128 133.5
119 123
85 92.5 ? 78
58 ?
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Amau and Giguere have mistakes in the symmetries of the modes of 
vibration of the oxalate ion in their Tables II and III. Under 02^ 
symmetry, if the oxalate ion is in the yz plane then the numbers and 
symmetries of the vibration are:
3A A 2B, B~ 2B0 2B„ B_g u lu 2g 2u jg 3u
However, Amau and Giguere had:
3A A 2B- B1 2B„ B, 2B_g u Ig lu 2u og 3u
Hie 1 and 3 subscripts are reversed when the ion is in the xy plane, as
described by Amau and Giguere, but their B^  should have been of 62^
symmetry. Hie modes of translation and rotation for the oxalate ion of the
Table III are not self-consistent. Hie translational modes have the
symmetries expected, i.e. T , B, . T , B~ and T , B,„, but the rotationalz -LU. y .^u x j>u
modes have the symmetries R , B. , R , B0 and R , B, . Clearly R should' x* Ig y 2g z ’ 3g ' x
be B g^ and Rz, B^. For the sodium ion, under D^, tlie translational modes
are assigned as T , £ + and T and T , I , but point group tables z u x y u.
(e.g. 120 ^ 121) show that T and T r are of it symmetry. The correlationx y u
of the Na , D^, C.., is incorrect. If the site symmetry is C^ , with Ay
symmetry for the translational modes, then tliese correlate to A and B^
only for the factor group. If the site symmetry is then the symmetry
of the translational modes is A, and these correlate to A , B , A and B* g g u u
for the factor group. (For the case of the peroxide, quoted by Amau
+and Giguere, the site symmetry of the Na ion should be C^ .)
Arnau and Giguere found that their assignments were in general the 
same as those of Murata and Kawai,^^ except for the deformation mode v9. 
Amau and Giguere agreed with Begun and Fletcher that v9 should be assigned 
to the band observed at about 520. Amau and Giguere assigned v6, which 
they described as a rotation of the C02 groups, to the band at 770. They
considered the calculated value of 295, obtained by Murata and Kawai, 
to be too low.
A2.25 Thaper, Sequeira, Dasannacharya and Iyengar (1969-70)
Thaper et a l ^ ^  studied the neutron inelastic scattering from 
polycrystalline samples of potassium oxalate monohydrate, and other 
crystals, having only one crystallographically distinct water molecule. 
Resolution was greatly improved by cooling the sample to 100°K. 
Deuteration was used to confirm the librationai modes.
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Observed peaks (100°K)
k2c2c v h 2o K2C20i( °D20 Assignment
738 531 Libration
640 466 Libration
-350 -350 Not due to a libration
Thaper et al were unable to find the third librationai mode, and 
suggested that it might have been merged in one of the other peaks. In 
an a.ttempt to assign the librationai modes, a calculation was made of the 
potential energy as a function of the librationai amplitude for the three 
modes of the water molecule in the crystal. Electrostatic, Van der Waals 
and hydrogen bonding contributions were considered. The nearest-neighbour 
hydrogen-bond interaction was found to be the most important.
Thaper et al concluded that definite assignments could not be made 
of the observed frequencies with polycrystalline samples. They showed 
the assignment of Prask and B o u t i n t o  have been inadequate.
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Calculated librational frequencies
Based on: Twist Rock Wave (Wag)
Hydrogen bond interaction 709 665 581
Hydrogen bond and 
electrostatic interactions 632 623 624
Subsequent studies by Thaper et ,(122,123) , . , al 5 'used, a single
potassium oxalate monohydrate.
Observed librational peaks (120°K)
Energy transfer (cm J) Assignment
738 (s) Twisting or waving and 
twisting
644 Cs) Rocking
Since the H-H vectors of the two water molecules in the unit cell
are parallel, Thaper et al were able to orient the crystal so that either
the rocking libration would be observable or the twisting and waving
librations. This enabled the rocking libration to be unambiguously
assigned to the 644 peak. For the second orientation waving and twisting
librations were expected, but only one strong peak was observed, and a
decision was not possible on whether this was one peak or two unresolved
peaks. They referred to evidence based on anisotropic thermal parameters
els')that suggested that the waving frequency was very low.
A weak peak was observed at 738 in the first orientation and at 644 
in the second orientation. It was suggested that these could arise from 
a two phonon process involving an acoustic mode or a two-scattering
process in which one scattering was elastic and the other was from a
librational mode. Slightly different crystal orientation^"5) produced 
no substantial changes in the subsidiary peaks, which suggested that 
accidental crystal misorientation was not the dominant cause.
A2.26 Tomar, Bist and Khandelwal (1970)
. (1241Tomar, Bist and Khandelwal J observed the IR spectrum of potassium
oxalate monohydrate at room temperature (27°C) and liquid nitrogen
temperature (~193°C) (see table on pp.182 S 183).
Tomar et al compared the room temperature and liquid nitrogen 
temperature results, noting especially the splitting of the 1309 room 
temperature band into 1301 and 1311, and 522 into 526 and 522. Band 
sharpening at the lower temperature occurred for the band assigned to the 
water symmetric stretching and the 618 and 719 bands in particular. In the 
'absence' of Raman data on solid potassium oxalate they used the solution 
data to complete their assignments. Tomar et al apparently did not know
C O  Othe Raman spectrum observed by Marignan. Their footnote for Table 1
gives incorrect references for the source of the Raman data. All the
Raman bands quoted, except that at 605, were from the paper of Begun and 
(24)Fletcher. No Raman band appears at 605 in any of the papers quoted, 
but Ito and Bernstein recorded an IR band at 605.
The assignment of the oxalate ion frequencies was done under 
symmetry and those of water under C^v symmetry. Tomar et al referred to 
the various papers published on the structure of crystalline potassium 
oxalate monohydrate, but they gave no consideration to the site or factor 
groups of the oxalate ion or the water molecule. Their only comment on 
possible crystal effects was, with reference to the splitting of the 
522-526 and the 1301-1311 bands at low temperature:
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Observed IR bands and Raman bands from other studies used in their assignment
At 27°C At -193°C
IR/ **Ac c  i
-1v cm *Abs Av,
z
I -lv cm Abs Av,2 I
Raman
3410 0.15 200 30 3400 0.10 240 25 IR va(H20)
3280 0.19 250 50 3250 0.44 120 50 IR v_(H20)b
1615 0.76 26 20 1615 0.64 32 20 IR 6 (H20)
1600 0.65 22 14 1600 0.65 22 14 IR va Bo2u va(C02)
1577 Raman Vj.0 B,Vg va(C02)
1487
1440 (w)
Raman
IR
Vx
2W (H20)
Ag
Ag
^S(C02)
1405 0.06 20 1 1405 0.13 8 X IR V 2 + Vi 2 lu
1316 0.45 2 1 1321 0.70 2 1 IR 2 V 7 A
g
1309 0.70 12 8 1311
1301
0.90 ■ 9 8
(w)
IR
IR
V5 Bilu vs(C02)
902 Raman v2 Ag v (C-C)
770 0.15 20 3 780 0.23 16 4 IR V 6 B,lu 6 (C02)
719 0 .10 28 3 737 0.41 14 6 IR W(H20)
618 0.16 34 5 646 0.48 7 3 IR R(H20)
605
612?
526
(w)
(w)
Raman
IR
IR
]v 7 B2g W(C02)
522 0.13 14 0  . i t 522 0,50 6 *70 IR Vi2 B3u W(C02)
449 Raman V3 Ag 6(C02)
346 (w) 353 0 .10 9 1 IR v9 B2u R(C02)
305 Raman V11 B_3g R(C02)
Abs = peak absorbance3 Av-, = full width at half-maximum, I = Abs.Av,
2 2
'k'k Their original table did not include symmetry species for combination and overtone bands.
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"Although the unit cell in K2C20n *H20 crystal is known to have four 
molecules and splittings in the bands could occur due to crystal 
field effect., the limited data at our disposal are not sufficient 
to assign the cause of such splittings."
They did not refer to the 1964 paper of Chidambaram et al,^^ which was 
a neutron diffraction study (see p.2 1 1), but their first paragraph seems 
to be a misinterpretation of part of the Chidambaram paper,
"Among the different types of crystal hydrates K2C20i, *H20 forms a 
class by itself as there is only one orientation of the crystalline 
H20 in this compound."
Certainly it is not the only crystal hydrate where there is only one 
orientation. However, Chidambaram^'^ did produce a table on types of 
water, i.e. with reference to lone pair coordination, which showed that 
potassium oxalate monohydrate was the only compound known where the lone 
pairs were not specifically directed. The lack of consideration of the 
site and factor group lead to the wrong selection rules being used. This 
was particularly misleading in the case of the activity of the water 
librationai modes.
The IR band observed at 1316-1321 was assigned to the overtone of 
the v7, vibration. Such an overtone would have A^ symmetry and would 
not be expected to be IR active. In general the assignments have been 
based upon the criteria that stretching modes occur at higher frequencies 
than deformation modes, the antisymmetric bending frequency is higher than 
the symmetric one and the bending frequency is generally greater than the 
’librationai' mode. Tomar et al seemed to have called the wagging and 
rocking vibrations of the C02 groups of the oxalate ion librationai modes 
whereas usually this term is used for the hindered rotations of whole 
molecules or ions.
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The bands at 646 and 737 were assigned to the librational modes of
water. In agreement with the inelastic neutron scattering results of
(123)Hi aper et al, the 646 band was assigned to the rocking mode of water.
Since Tomar et al used symmetry, erroneously, for the activity of the 
librational modes of water, they predicted that the twisting, A^ , 
libration would be IR inactive, and consequently they ’unambiguously' 
assigned the 737 band to the wagging mode. Their assignment of the 737 
band to the wagging libration was supported by the intensity of the band, 
especially noticed at low temperature where less overlapping of adjacent 
bands occurred. They quoted Miyazawa's criterion1^ 5J of the assignment 
of the most intense librational mode to the wagging mode.
A2.27 Fukushima (1970-71)
Fukushima published "three papers on the IR spectrum of potassium 
oxalate monohydrate, observed as a nujol mull. The first paper, although 
entitled "Far infrared spectra of potassium oxalate monohydrate and its 
deutero analog", reproduced spectra for the range 4000-50 cm \
Fukushima^commented that the region 4000-300 cm-1 had been 
discussed and assigned by Pedersen^"^ and Schmelz et but he
C2Q 117")found 1 several new experimental facts1. The previous authors ’ had 
not pointed out the shoulder, at 1608, on the strong band at 1580. 
Fukushima used grating spectrometers, whereas Pedersen and Schmelz et al 
had used prism optics, and the grating spectrometers were believed to 
have higher resolving power. Fukushima found that on deuteration, a band 
corresponding to the shoulder appeared at 1225, so he assigned the 1608 
and the 1225 bands to the H20 and D20 bending vibrations, respectively. 
Hie bands at 718, 614 and 524 moved to 505, 432 and 358 on deuteration, 
and were assigned to 'the rotational lattice vibrations primarily
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Observed IR bands of the monohydrate and monodeuterate
K2C20ij*H20 k2c2o(+*d2o Assignment*
3370 2460 OH/OD stretching vibration
3200 OH stretching vibration
1608 1225 OH or OD bending vibration
1580 1595
1303 1305
758 760
718 505 H20 or D20 libration
614 432 H2G or D2Q libration
524 358
**
H20 or D20 libration and 
C02 wag
351 348
210 215 ))
190 195 J)
160 165 < translational lattice
129 125 i vibrations
115 115 )
92 93 J)
56 54 )
Exact positions for the bands below 720 were given in the first 
paper, and those above 720 were given in the second paper. (127) 
The assignment of bands in the crystal will be discussed later 
(see section B4.4(a), p.370.)
These bands are not mentioned in the second paper for the deuterated 
compound.
associated with molecules of water of crystallization and those of the 
heavy water of crystallization." Fukushima stated that, "No shift of 
frequency of the band at 524 an-1 (potassium oxalate monohydrate) on 
deuteration may be explained by overlapping of the C02 wagging band."
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I find this statement very confusing, since he previously assigned the 
524 band to a water libration that shifted to 358 on deuteration. His 
spectrum shows only one band in this region for the deuterated compound, at 
505, and this also had been assigned to another water libration.
Fulcushima considered that bands in the 250-60 region, "may be due to 
translational lattice vibrations. Assignment of these bands will have to 
be discussed on the basis of calculations of lattice vibrations and other 
experimental data," In the second p a p e r a  normal coordinate treatment 
was carried out on the Bravais unit lattice of the C 2/c unit cell deter­
mined by Chidambaram et al.^~^ The calculation confirmed the assignment 
of the water librationai vibrations. It also, conveniently, indicated 
that not only did the 718 librationai band move to 505 on deuteration but 
also the 524 C02 wagging vibration moved to 505 on deuteration. (This paper 
will be discussed in more detail in connection with single crystal studies, 
see p.370) .
The third paper of Fukushima^8^  considered the low frequency IR bands 
of the water of crystallisation at low temperature of potassium oxalate mono­
hydrate, barium chloride dihydxate and cupric chloride dihydrate. The 
spectra were compared with reference to the type of water in the different 
crystals. The lowering of temperature from room temperature to -75°C was
found to cause a shift of the 614 band to higher frequency but the 524 band
(127)was not shifted. The noimal coordinate treatment^  showed that the 614 
band was primarily associated with rocking and wagging modes and the 524 
band with a twisting mode. Fukushima concluded that the degree of hindering 
about the principal axes B and C of the water molecule increased when the 
temperature was lowered, while that around the A axis did not change.
Increased intensity was found for the bands observed at 230 and 244 at -100°C, 
and these bands were suggested to be associated with the translational 
lattice modes of the water of crystallisation calculated at 224 and 208 cm-1 
(the region above 700 cm-1 was not considered).
- 188
(129)Foumel and Vergnoux 'recorded the IR reflection spectra of an
A2.28 Foume.1 and Vergnoux (1971)
oriented single crystal of ammonium oxalate monohydrate at 295, 90 and 10°K
Internal vibrations of ammonium oxalate monohydrate
Frequency Crystal axis direction Assignment
3240
3150
3040
2997
2865
3200
3058
3000
2974
2886
2865
3184
3040
2989
2872
1704
1650
1605
1599
1452
1428
1468
1432
1440
1414
1314
1310
794
804
443
455
v3(H20)
]
]
a
b
a
b
c.
a
b
a
b
a
b
]
va, v3 and v2 + 
(NHJ
v 2 (Nhi*)
V (COO)
gL
V, (NHif)
vs(C00)
COO in-plane rocking 
COO symmetric deformation
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External vibration of ammonium oxalate monohydrate
Frequency Crystal axis direction Assignment
415 c VsCNHit) libration
The identification was aided by the observation that for hydrogen 
bonds between oxygen, there is a positive shift with temperature, ^  , in 
contrast with a weak negative shift for hydrogen bonds of the type 
N— II.. .0. The 1605 band showed abnormality in that lowering the
temperature did not increase the reflexion maximum and very little 
sharpening occurred. Fournel and Vergnoux believed that they had reversed 
the assignment of the two bands at 1310 and 1600, when they assigned the 
1310 band to the symmetric stretch and 1600 to the asymmetric stretch of 
COO, but most previous authors had assigned the lower frequency to the 
symmetric stretch. The NFh+ libration at 415 was recorded for the first 
time in the IR, to the best of their knowledge.
Foumai and Vergnoux used the crystal structure and factor group 
analysis to find the number and polarization of IR active bands. They 
stated that in particular this was able to show without ambiguity that 
tire symmetry of the isolated oxalate ion in solution was , as had been 
advocated by Begun and Fletcher and Bardet and Fleury.
A2.29 Adrian (1972)
(131)Adrian observed the IR spectrum of calcium oxalate monohydrate 
(KBr disc) and compared it with the calcium oxalate monohydrate from the 
central region of a urinary stone and the calcium oxalate dihydrate from 
the outer region of a urinary stone. The IR spectrum of a mixture of
calcium oxalate monohydrate and calcium orthophosphate dihydrate was recorded.
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Observed IR bands characteristic of 
calcium oxalate monohydrate______
1620
1310
775
500
The reproduced spectrum of the monohydrate shows various other bands 
in addition to those selected by Adrian as 'characteristic'. The dihydrate 
was distinguished from the monohydrate by the broader 775 band in the case 
of the dihydrate, and the different shape of the absorption between 3100 
and 3500 cm 1.
A2.3Q Hesse, Schreider, Schilling, Schrumpf and Hienzsch (1972)
(132)■ Hesse et al studied the IR spectra and X-ray powder patterns of 
calcium oxalate monohydrate (Whewellite) and dihydrate (Weddellite) to 
obtain a method of identifying the type of calcium oxalate present in 
urinary calculi.
The IR spectra of the monohydrate and the dihydrate were recorded as 
nujol mulls and in ICBr discs. Deuteration and dehydration of the 
monohydrate aided the assignment of the water bands. .
The great difference in the form of the 3000-3500 water bands of the 
dihydrate and the monohydrate was used as a method of quantitatively 
accessing samples of mixed mono- and di-hydrate.
References were given to earlier papers discussing the IR spectroscopy 
of calcium oxalates used in connection with studies of urinary calculi.
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Observed IR bands of hydrated calcium oxalates
Monohydrate Dihydrate
Frequency Assignment Frequency Assignment
525 CO-deformation 525 CO-deformation
610 OH-libration 610 OH-libration
670 OH-libration
790 CO-deformation 790 CO-deformation
890 (OH-libration)
920 (OH-libration)
950 (OH-libration)
1315 symmetric
CO-stretch
(doublet)
1315
1490
symmetric
CO-stretch
1610-1660 antisymmetric
CO-stretch
(doublet)
1650 antisymmetric
CO-stretch
3080-3510 OH-stretch 
(5 bands)
3500 OH-stretch
A2.51 Davitashvili and Kublashvili (1973)
(133)Davitashvili and Kublahvili recorded the IR spectra of calcium., 
zinc, strontium, cadmium and barium oxalates, as nujol mulls,
400-4000 cm-1.
The calcium oxalate was dried in a thermostat at 175-180°C to constant 
weight and cooled in a dessicator, but it is apparent from the spectrum 
that the sample was still hydrated. It was not stated specifically 
whether they believed it to be hydrated or anhydrous. Strontium, barium 
and cadmium oxalates were believed to have been hydrolysed but not calcium 
oxalate. The bands at 3074, 3260 and 3345, in the spectrum of calcium 
oxalate, were assigned to NHi* ions that had been left in the precipitate
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from the method of preparation. The 770-800 region was assigned to an 
oxalate bending mode, possibly overlapped with a v(M-O) band. The bands 
at 517-540 could not be attributed uniquely and the CCO bending mode was 
considered to appear in that region.
Observed IR bands of calcium oxalate
Frequency Assignment
3490
3440
3345 4-NFU (contamination)
3260 •j*NFU (contamination)
3074 NFU’ (contamination)
1660
1625 “j 
1613 J COO asymmetric stretch
1325 COO symmetric stretch
1110
1060
956 C-C stretch .
888
790
660*
620
600
527
rk .This band appears in the figure, but is not listed in the text.
A2.52 Mentzen (1975)
(134)Mentzen considered possible point groups that might occur for 
the oxalate ion, and made a more detailed analysis for the point groups 
D2h, ^ 2\\ anc*‘ ^ 2v’ Saving the examples of potassium oxalate monohydrate,
It is not specified if he 
used literature data or whether he observed the tabulated bands. No spectra 
were reproduced. However, it is obvious that he has used the Murata and
(14)Kawai J observations for the Raman spectrum of potassium oxalate an 
solution. His IR bands are not precisely the same as any others in the 
literature, so they are probably original, and from their positions they 
were obtained using a solid sample.
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a~anhydrous oxalic acid and cis-dimethyl oxalate, respectively.
IR and Raman bands used in the analysis of Mentzen
Assignment
IR Raman.
Symmetry Band No Description
1664 E„•>g V l O Va s ™
1590 B.,zu v8 v a s Cc° )
1485 ) 
)1450 )
Ag V i vs(C0)
1311
1305
)
)
)
B ilu V  5 vs(C0)
898 Ag v2 v (CC)
770 Blu V s 5as(0C0)
545 B3g Vn 6as(CC0)
523 B2u V g 6s(CC0)
443
A
V 3 6S(0C0)
Mentzen stated that the oxalate ion in potassium oxalate monohydrate
has a structure, and referred to a paper by Jeffrey and Parry ^  on
f 1 181the structure of sodium oxalate. (More recent studies * have shown 
that the oxalate ion in potassium oxalate monohydrate is slightly
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non-planar, see p.211 ). Mentzen remarked that the doubling of the 
1305-1311 IR band and the 1485-1450 Raman band probably arose from site 
effects, the surroundings or the crystalline field. It is apparent from 
this that he did not appreciate that Murata and Kawai used an aqueous 
solution for their Raman observations. The assignments of Mentzen 
agree with those of Murata and Kawai.
A2.33 Frye and Chan (1972)
Frye and Chan^ 335'* observed the attenuated total reflectance IR spectra 
of calcium oxalate monohydrate and other compounds found in urinary calculi. 
The region 1430 to 400 cm 1 was found most useful for diagnostic purposes.
Principal absorption peaks of 
calcium oxalate monohydrate
1318
950 (w)
880
779 (s )
660 b
590 (m)
511 Cs)
Frye and Chan commented on the use of mull and KBr disc techniques 
compared with the attenuated total reflectance method, and their use in 
a clinical laboratory.
A2.34 Petrov and Soptrajanov (1975)
Petrov and Soptrajanov^ 33^  observed the IR spectrum of calcium
oxalate monohydrate and partially deuterated material as KBr pellets. 
Observed IR bands
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CaC20it»H20 CaC20it*D20 Approximate description
3495 (ms) 2570 (m) v (OH)
v (OH)3440 (ms) 2560 (m)
3340 (ms) 2425 (m)
3250 (m) 2,390 (w)
3060 (ms) 2290 (m)
1645 sh(?) 1208 (w)
1620 (vs) 1610 (vs)
1483 (vvw)
-1450 (w)
1460 (ww)
1380 sh. 1385 sh
1365 sh -1370 sh
1316 (vs) 1317 (vs)
943 (w) - 670 sh
880 (w) - 620 sh
782 (S)
782 (vs)
765 sh
656 Cm) 550 sh
625 sh - 630 Cm)
600 sh - 495 sh
513 (s ) 512 (s )
-450 sh - 445 sh
415 sh - 415 sh
-300 sh - 300 sh
-280 (ms) (?) - 280 (ms) (?)
v (OH)
26(HOH) 
v(OH)
6 (HOH)
v e (ox) j va(C02)
Vj.(ox) (?) : vs(C02) and 
6 (HOD)
Vi(ox)(?) : vs(C02) 
and/or combinations 
vE(ox) : vs(C02)
v ^(H20)
vs(ox) : 6(OCO) 
v ” (H20)
v7(ox) : a)(C02) 
v]^ (H20)
v i 2 (ox) : 03(C02)
v 3(ox)(?) : 6(0C0)
Vg(ox) : p (C02); vn (ox) : 
p(C02) and/or v(Ca-Ow)
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Petrov and Soptrajanov discussed the structure of calcium oxalate 
monohydrate as determined by Cocco and Sabelli and group theoretical 
considerations. Cocco and Sabelli ^ '--Phad found that the oxalate and 
water molecules occupied two sets of sites, and that one set of 
oxalate ions had a symmetry close to whilst the second site was of 
lower symmetry. The presence of eight formula units in the primitive 
cell gave the group theoretical result that all the oxalate vibrations 
should be IR and Raman active, but Petrov and Soptrajanov expected the 
Raman bands under symmetry to be only very weak in the IR spectrum 
of calcium oxalate since the oxalate geometry was not very far from D^, 
especially for one of the sets of oxalate ions. The oxalate assignments 
were made with the aid of comparison with partially deuterated material 
and the Raman solution studies of other workers (24,16) for the approximate 
positions of the totally symmetric vibrations. •
The appearance of five bands over 3000 cm 1 was interpreted as the 
four strongest being due to four non-equivalent OH groups of the two 
sites of water molecules. The fifth, weaker band, was assigned to the 
overtone of the HOH bending mode reinforced by Fermi resonance with one 
of the four OH stretching fundamentals. The spectral changes on 
deuteration were discussed in detail.
A2.35 Summary
Hie band assignments have been made under symmetry for the oxalate 
ion, although the papers of Amau and Giguer^^and Fukushima (126-128) 
did consider the influence of the crystal on the oxalate ion spectrum.
To account for some of their assignments, Douville, Duval and Lecomte^2’2-1-) 
suggested that the symmetry may not have been perfectly D^. Marignan (98a) 
considered that his results confirmed those of Douvilld, Duval and
Lecomte, * that the oxalate ion symmetry was neighbouring D^. Other 
symmetries of the oxalate ion that preserved a centre of symmetry, and in 
some cases planarity also, were not considered (see p.14 ). Marignan^^ 
found more bands for ammonium oxalate than for potassium oxalate, but these 
were accounted for by NHi*+ bands rather than a lowering of symmetry. 
Douville, Duval and Lecomte and Marignan apparently did not know of the 
crystal structure determination by Hendricks and Jefferson that showed 
the oxalate ion in ammonium oxalate to have a dihedral angle of 28°.
Band assignments have varied considerably, especially for the lower 
frequency bands. The water bending mode is in the same region as a CO 
stretching vibration. Whilst the librationai and translational modes of 
tire oxalate ion are well separated from most of the intramolecular 
vibrations of the oxalate ion, the water librationai modes occur in the 
same region as the lower frequency intramolecular oxalate ion bands.
A2.36 Water bands
With one exception all strong bands over 3000 cm-1 have either been 
assigned to water stretching vibrations or it has been implied that they 
are due to water since they are not assigned to oxalate ion bands.
The literature does not contain any observations of water bands in the 
Raman spectra of oxalates.
IR observed bands of the OH stretching region of water 
Frequency Cation Assignment Author
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(12 2 1 1
3370 (s) K+
3400 (s) Ca2+
3300 (s)
Schmelz et al (28) 
Schmelz et al (28)
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IR observed bands of the OH stretching region of water (Cont)
Frequency Cation Assignment Author
3020 (s) Ca2 + Schmelz et al (28)
3350 (s) K+ v3(H20) Pedersen (117)
2470 (s-m) K+ V 3 (DnO)
3400 (vs) Rb+ v3(H20)
2520 (s) Fb+ v3(D20)
3410 (s) Cs+ v3(H20)
3410 (1=30) K* va(H2°) Tomar, Bist and Khandelwal (124)
3280 (1=50) vs(H20)
3370 K+ va(H20) Fukushima (126,127)
2460
3200
v (D20)
c t
vs(H20)
3495 (ms) o  J -Ca v (OH) * * Petrov and Soptraj anov (136)
3440 (ms) v(0H)
3340 (ms) v(0H)
3250 (m) 26(HOH)
3060 (ms) v(0H)
rk I = (peak absorbance). (Full width at half-maximum)
** Monohydrate
Petrov and Soptrajanov( ^  ^  discussed the four strongest absorptions 
in the OH stretching region in terms of four different OH bonds, 
associated with two water molecules at two distinct sites, rather than 
stretching vibrations of whole water molecules. Hesse et al observed five 
bands between 3080 and 3510 for calcium oxalate monohydrate and assigned
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them as OH-stretching vibrations. However, only one band was observed 
for the dihydrate.
(133)Davitashvili and Kublahvili are exceptional in their assignment 
of the bands above 3000 for the calcium oxalate spectrum. Of five observed 
bands, three were assigned to NH4’r contamination and the remaining two were 
unassigned. They may have considered their sample to have been anhydrous 
(see pp .191 - 192 ).
In most studies the water bending mode has not been distinguished from 
the CO stretching vibration.
IR observed bands of the HOH angle deformation region of water
Frequency Cation Assignment Author
1615 (1=20) IC+ 6 (H20) Tomar, Bist and Khandelwal (124)
1608 K+ S(H20) Fukushima (126,127)
1225 6(D20)
1645 sh ? Ca2+ 6 (HOH) Petrov and Soptrajanov (136)
1208 (w) 6(DOD)
Fukushima commented that previous authors had not pointed out a 
shoulder at 1608 on the strong band he observed at 1580. Deuteration 
shifted the shoulder to 1225 which indicated that it was due to water. 
Pedersen^ " ^  observed the OD-bending vibration at 1225 and 1207 for 
potassium and rubidium oxalate respectively, which indicated to her that 
the OH-bending frequency must be masked by the oxalate bands at 1605-1595.
The librational modes of water have been studied by IR and neutron 
scattering methods.
-  2 0 0  -
Observed librationai bands of water
Frequency Cation Method Assignment Author
614 (s) 
638 (vs)
K
NHi» + 
Ca2 +
far-IR )1
) H20 ?'V
J
)
Lorenzelli, Gesmundo 
and Randi (109)
736
624
560
K neutron
scatter torsional
modes
Prask and Boutin (113)
700
505
605
450
500
370
K neutron
scatter
H20 wagging 
D20 wagging 
H20 twisting 
D,0 twisting 
H20 rocking 
D20 rocking
Prask and Boutin (112)
712 (m) 
710 (s)
K
Rb
IR ) H20
) torsional 
) mode
Pedersen (117)
738
531
640
466
neutron
scatter
H20 ) 
)D20 ) 
)I120 ) 
)D20 )
libra­
tions
Thaper et al (116)
738 (s)
644 (s)
IC neutron
scatter
H20 twisting 
or twisting 
and waving
H20 rocking
Thaper et al (122, 
123)
719 (1=3) 
618 (1=5) 
1440 (w)
K IR W (H20)
R (H20)
2W (H20) 
at -193°C
Tomar, Bist and 
Idiandelwal (124)
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Observed librationai bands of water (Cont)
Frequency Cation Method Assignment Author
718
505
614
432
524
358
K IR H20 )
)
D20 )
h20 )
D-0 )libra‘ *■ < rions
H,0 ) •
(Si ~CQS) 
wag) )
■N
D20 )
Fukushima (126,127)
950
890
670
610
920
610
943 (w) 
880 (w) 
-670 sh 
-620 sh 
656 (m) 
600 sh 
550 sh 
-495 sh
Ca
Ca'
Ca2 +
) OH libra­
) tions of 
calcium 
oxalate 
monohvdrate
OH libra­
tions of 
calcium 
oxalate 
dihydrate
vP;  (h2o)
vR’ (D20)
vr"(H20)
vrm(D20)
Hesse et al (132)
Petrov and Soutrojanov 
(136)
k Monohydrate
-  2 0 2  -
From the above table it can be seen that the positions of two 
librational modes seem to be generally agreed from IR and neutron 
scattering observations, i.e. those at about 710-740 and 610-640 for H20 
that shift to about 500-530 and 430-460 on deuteration, respectively. The 
position of the third libration is uncertain; some studies have not 
identified it, Fukushima and Prask and Boutin*'112^  assign it to the 
peak at 500-524 that shifts to 358-370 on deuteration, and Thaper . 
et al p c^onsidered that their 73S band might be due to two librational 
modes overlapping. Which of the three librational modes can be assigned 
to the observed bands is obviously uncertain. The single crystal study 
of Thaper et al,^2>^ 23^  indicates that the 610-640 band is due to the 
rocking mode but it cannot distinguish between the twisting and wagging 
modes. Their observations seem to be more reliable than the calculations 
of Prask and Boutin.
One of the frequencies of the two observed librational modes
C132 JL^(5)assigned to H20 and D20 ' “ for calcium oxalate lies at a considerably
higher frequency than that found for potass iron oxalate monohydrate. Two 
components have been assigned to this band^32’^ 3^  for the monohydrate, 
about 885 and 947, corresponding to the water molecules at tire two sets of 
sites. Similarly, bands about 605 and 663 are assigned to the second 
librational mode. Only one component for each of these bands was found 
for the dihydrate.
A2.37 Oxalate bands
A2.37(a) The 1600-1660 IR band
The majority of authors assign the band about 1600-1660 to Vo the 
B^ u asymmetric C-0 stretching vibration. Amau and Giguere^ -^ ) assigned
it to the Vs the B^ u asymmetric stretelling vibration. Begun and Fletcher
did not consider the oxalate ion in the solid state separately from their
D2(j assignment of the ion in solution, so that their assignment reads as
v5, B^  under symmetry, which correlates to v5 under D^. The assignments 
fl?7lof Fukushima •'cannot be readily compared with others, since Fukushima
approached the problem in such a different way. His potential energy
distributions indicate about equal contributions from two 0 0  stre telling
r161coordinates, ito and Bernstein^  ' assigned their observed band in the
usual way to ve, but they considered it to have been perturbed by Fermi 
resonance with, the combination band observed at 1405 (see p.159).
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C 24")
A2.37(b] Hie 1305-1340 IR band
This is generall.y accepted as the second IR active C-0 stretching
vibration, vs, of B-u symmetry. Amau and Giguereassigned it to the
v8, B2u vibration. Under symmetry, Begun and Fletcher*-24-^ assigned it
f 1271to the V7, E,C-0 stretdiing vibration. Fukushima^  found that the 
principal components of the baud he observed at 1305 were the same two 
C-0 stretching coordinates as in the case of the 1600 band, and again in 
about equal proportions. Fukushima did not normalise his potential energy 
distribution values, so it is not possible to draw any conclusions from 
the magnitudes of the contributions or to have any estimate of other 
contributions which were not considered sufficiently significant to include 
in the table. Fujita, Nakamoto and Kobayashi^^ and Amau and Giguere^4^
-ifound that the band was split into two peaks separated by 19 and 18 cm
(1241respectively. Tomar, Bist and Khandelwal observed, a band at 1309 that 
they assigned to v5 and a second band at 1316 that they assigned to the 
overtone 2v7. The overtone would not be expected to be IR active and since 
factor group analysis indicates that the IR bands of potassium oxalate
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monohydrate have two components, the assignment of Fujita, Nakamoto and 
Kobayashi and Arnau and Giguere seems more satisfactory.
A2.57(c) lire 760-780 IR band
Most authors assign the 760-780 band to the v6, B^ u, 0-00 in-plane
(127)asymmetric deformation. Hie assignment of Fukushima is essentially 
similar, as the significant contributions to the potential energy
distribution involve internal symmetry coordinates for changes in 0-00
■ (24)and O O O  angles. Begun and Fiercher assign it to v3, the E type C02
rocking mode under symmetry. This correlates to v9 under symmetry.
r  >| o o i
Foumel and Vengnoux<'x assigned it to a C02 in-plane rocking mode.
A2.57(d) The SOS-555 band
There are various assignments in the literature for the 505-555 
band (see table on pp.205 and 206).
Schmelz et al^^ observed a strong band in this region for all of 
the compounds studied, but the bands were not assigned.
A2.57(e) Lower frequency IR bands that have been assigned to fundamentals
Various authors have assigned bands at about 450, 550, 250 and 150 to 
fundamentals of the oxalate ion. However, many studies have not included 
this region and there is little agreement between authors that have recorded 
the region.
f 129)Foumel and Vergnoux 'assigned the reflection band at 445-455, of
As
si
gn
me
nt
s 
of 
the
 
505
-53
5 
IR 
ba
nd
- 205 -
VD
rH
0)
pc/>
a>
PQ
o3
B
O4->
Q§cd oi
cd 
•H
F'O ft ft
SS ‘—'r'S 01 O Ot—I
**\ /•HrH *H 
rH TSo g
N  CDci ft 
CD
P  TS
5 8
1
g
•H
P
■HPocn 
CD R
P<
o
•
o
bn
•0■8
s
u
0
1o
Iu
If)
g
•H■p
c p
CD
’X )
C-Jou
0
1u
Io
ea
P
K)pa CMPQ
*
CM
PQ PQ
olrH?•
QlO
aSCJ
as
2: asS ft ft
+ + 
aS cti2 2 •rHft •Hft cd
+rg
cdo
Ia*0fHPH
f—\oU)
w
/— \ 
1— 1 
rH
jj
—^\ oIf)
4v— y
rH
rH
1
50
7
51
8 LO
LO
LOCs]
LO
t> *(N3
LO
CO
rH
LO
LO
K)
LO
LO
rH
LO
O
CS1
LO
LOCH
LO *=d" rHLO
As
si
gn
me
nt
s 
of 
the
 
505
-53
5 
IR 
ban
d 
(c
on
t)
- 206 -
CD i—i rH
<D
<3
a•HCD
o3
U
/--- \
p j  < • vO
CU CH CM
r H rH
p  w
in tH
• H  Cti eg
r o  >  
rH j
(D 
P  T j
r-»r—H
1 S 1£
CO
§N
~P
Pi
M
CMto
ctf
O
0U)tno
VOtorH
5-!
■pa>
o
'ct?Jhp
8*C/J
ni
£ i—l
I
s
CMoCJ
£0
do-Hp
Hoo' mh;s p 0)
IN
CJ 
v— r 1o i n o
C_3 H3 CJ
CM
PVX3
2CMPQ
3toP3 c mpq
CM
rHP*
o
CM
ctfS3
OCMLO
CMCMLO
'vf*CMLO
toCMLO
+
CMaj
CJ
+-LOCMLO
+
CMctfCJ
feF=to
LO
PH
0 If) t—I<3
0
1
I
0
3
<8
LOCMLO 512
 
for
 
the
 
mo
no
de
ut
er
at
e.
- 207 -
ammonium oxalate, to the COO symmetric deformation. Lorenzelli, Gesmundo
and Randi observed a band at 420 for ammonium oxalate and at 441 for
potassium oxalate, but they did not assign them to fundamental vibrations.
Amau and Giguere,''^^ Ito and Bernstein, Tomar, Bist and Khandelwal^ 1^  
(126,127)and Fukushima, did not observe a band in this region. Schmelz et
(28) 1 al observed a band at 434 (s) for lithium oxalate and at 416 (w) for
calcium oxalate, but no bands were found in this region for sodium and
potassium oxalate. Petrov and Soptrajanov (136)assigned the 450 and 415
bands to Va the C02 symmetric deformation.
A band in the region about 350 cm 1 has been observed in most cases.
(28) ■ (109)Schmelz et al and Lorenzelli, Gesmundo and Randv did not assign
the band. The absence of isotopic shift enabled Thaper et al^^^ to
decide that the band was not due to a water libration. Tomar, Bist and 
(124)Khandelwal ' assigned the band to v3, the C02 rocking mode. The 
(127)Fukushima ‘'assignment involved C-C-0 bending coordinates. Ito and
Bernstein assigned the 363 absorption to a difference band, vio- Vs-
The moderately strong to very strong bands, ranging from 212
(ammonium oxalate) to 274 (calcium oxalate), observed by Lorenzelli,
(109)Gesmundo and Randi, and the band observed at 252 (sodium oxalate) by
!"119)Amau and Giguere^  were assigned to Vx2, the B^ u out-of-plane 
deformation. Petrov and Soptrajanov assigned the bands at 280 and 
300 to
"Vg (ox) : p(C02); Vu(ox) : p(C02) and/or v(Ca-0 )".w
The v4, Au C-C torsional vibration was assigned by Amau and Giguere 
to the band observed at 148 (sodium oxalate) and by Lorenzelli, Gesmundo 
and Randi to a strong to very strong band that ranged from 102 (lithium 
and ammonium oxalate) to 220 (calcium oxalate).
- 208 -
The Raman spectra of solid samples have been recorded by three
f98a~)authors, Marignan in 1948 for ammonium and potassium oxalate, Amau
and Giguere for sodium oxalate and by Siebert. The first study
(124)did not make any assignments. Tomar, Bist and Khandelwal used the
(24)Raman bands observed by Begun and Fletcher to complete their assignment
of all the fundamentals of the oxalate ion. One of the principal 
features of the account of Begun and Fletcher is their conclusion that 
the oxalate ion has symmetry in solution but their data was used by 
Tomar, Bist and Khandelwal as part of an assignment under D^. There are 
very marked differences between these band positions and those recorded 
by Marignan and Amau and Giguere. Siebert''^^ reported three Raman 
bands at 1647, 1481 and 902. He did not specify the oxalate used or the 
conditions, but the 1481 and 902 bands are at frequencies associated with 
solution spectra rather than solid samples.
Factor group analysis indicated to Petrov and Soptrajanov that all 
oxalate fundamentals should be IR and Raman active for calcium oxalate 
monohydrate. They assigned the bands observed in the IR at 450 and 415 
to ”v3(ox) (?) : S(0C0)", and some bands were assigned to Vi, again with 
a "?" (see pJ.95 ) .
A2.38 Raman bands
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A2.39(a) Lithium oxalate
Beagley and Small showed that lithium oxalate was monocliniCj
P2i/n, corresponding to C^. with two formula units in the unit cell.
Unit cell dimensions
a = 3.400 ± 0.001; b = 5.156 ± 0.002; c = 9.055 ± 0.003 X .
3 = 9 5 °  3(3' ± 1 '
Interatomic distances and angles of the oxalate ion
C-C 1,561 X (0.0040)* Or O°2 127.3°
C-01 1.264 X (0.0027) O^C-C 116.5°
C-02 1.247 X (0,0027) 0?-C-C 116.4°
‘k Combined e.s.d., from atomic coordinates, cell parameters and 
librational correction.
Each oxalate ion was found to be situated at a centre of symmetry 
and tire possibility that the two ends of the ion are twisted with respect to 
each other was excluded. The lithium ions were found to be at general 
positions. Each lithium ion was surrounded by four oxygen atoms arranged 
at the comers of an irregular tetrahedron.
(110)Hie early X-ray powder pattern of Becker and Jancke, x referred
to by Lorenzelli, Gesmundo and Randi,^^^ had erroneously shown lithium 
oxalate to be orthorhombic.
A2.39(b) Sodium oxalate
( 2)Jeffrey and Parry found sodium oxalate to be monoclinic. P2i/a, 
corresponding to with two formula units in the unit cell.
A2.59 Crystallography
2 1 0  -
Unit cell dimensions
a = 10.35 ± 0.02; b = 5.26 ± 0.02; c = 3.46 ± 0.02 X
3 = 92° 54' ± 6'
Interatomic distances and angles of the oxalate ion
C-C = 1.54 X C -C-Oj 121°
C -C-02 115°
Ot-C-O, 124°
C-0X = 1.23 S 
C-02 = 1.23 $
Tne oxalate ion was found to be planar with the centre of symmetry 
of the oxalate ions at (0,0,0) and (1,2,0). The sodium atoms were at 
general positions. Beagley and Small described the structure as a "packing 
of linear arrays of the respective ions parallel to the c-axis, so that 
each column of ions is surrounded by six others of opposite charge. Tne 
arrangement of tirese columns in respect to each other and tire spacing in 
the c-axis direction is such as to give distorted octahedral coordination of 
oxygen atoms around each sodium ion."
A2.39(c) Potassium oxalate monohydrate
Numerous X-ray, neutron diffraction and nuclear magnetic resonance 
studies of potassium oxalate monohydrate have been carried out. Tire earlies 
study by Hendricks (1935),^^ concluded that it was monoclinic 02/c, with 
four formula units in the unit cell. Tire oxalate ion was found to be planar 
It was pointed out by Jeffery and Parry(2^  that Hendricks' study did not 
unambiguously show that the space group was C2/c, since Cc has the same 
systematic absences. (Modem studies would show by relative intensities
whether the space group was Cc or C2/c.) Studies of the water molecule by
. (182-184) oproton magnetic resonance showed the p-p vector to be within 1 of
the (010) plane, and since for C2/c the two-fold axis is parallel to the
-  2 1 1  -
b-axis, the space group was confirmed to be C2/c. The X-ray study by
Pedersen (185^ -^  tlie two-dimensional neutron diffraction study of .
Chidambaram, Sequeira and Sikka^^ showed the oxalate ion to be planar
but the water molecule was somewhat differently oriented from the
structure of Hendricks. Hie most recent X-ray^ and three-dimensional
f 18^1neutron diffraction studies have shown that the oxalate ion is not 
completely planar. Each C02 group is planar, but the C02 groups are in 
two parallel planes.
. . mUnit cell dimensions^ ' J
a = 9.222(5) A; b= 6.197(2); c = 10.690(5)
3 = 110.70°
Intemuclear distances and angles of the oxalate ion
Hodgson and 
Ibers (1 )
Sequeira, Srilcanta 
and Chidambaram (18 )
c  - c 1 .5 7 4 0 (2 4 ) X 1 .5 6 9 8 (1 7 ) X
C - 0 1 1 .2 5 9 5 (1 6 ) 1 .2 5 5 9 (1 4 )
c  - 02 1 .2 4 7 3 (1 7 ) 1 .2 4 8 7 (1 5 )
°1~C - 0 2 1 2 6 .2 7 °  (12 ) 1 2 5 .8 9 °  (9 )
C -C - 0 ± 1 1 5 .7 6  (14 ) 1 1 6 .2 4  (10 )
c  - c  - 02 1 1 7 .9 6  (1 3 ) 1 1 7 .8 6  (9 )
Hie oxalate ions are all equivalent and in special positions at 
centres of symmetry. Hie water molecules are at sites with two-fold 
symmetry and the potassium ions at general positions. Hie water molecules 
alternate with oxalate ions to form chains (see p.327 for projection of 
the cell contents).
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A2.39(d) Anhydrous potassium oxalate, Phase II
Higashiyama and Has egawa^8^ used X-ray powder patterns to study 
the products of dehydration of potassium oxalate monohydrate. Phase II 
was found to be the stable form at room temperature, and was obtained 
directly by dehydration below about 280°C. At 17°C the powder pattern of 
Phase II was able to be indexed assuming an orthorhombic cell, with two 
formula units in a unit cell of dimensions.:
a = 10.90; b = 6.11; c = 3.44 X
(For further discussion of this structure see Appendix 9.,)
A2.39(e) Ammonium oxalate monohydrate
f 1871Wood found the space group of ammonium oxalate to be orthorhombic, 
P2i2i. Hendricks and Jeffersonverified the space group to be P2i2i
with two formula units in the unit cell. Hie oxalate ion was found to be
non-planar with a dihedral angle of 28°. Subsequent X-ray and neutron
(17)diffraction studies have verified the non-planarity of the oxalate
ion, and the full space group has been recognised as P21212 .
ClRobertson performed a structure refinement at 30°K and was able to 
locate the positions of the hydrogen atoms. Hie ammonium ion was shown to 
be distorted, with each N-H bond and each H-N-H angle slightly different. 
Hie hydrogen bond distances were found to be:
N+ - H 0(tfe0) 2.879 X
N+ - H...0" 2.803, 2.830, 2.833 X
0 -II...0" 2.743 X
Robertson used the curve of stretching frequency versus hydrogen bonded 
NH-0 and OH-O distances, published by Nakamoto, Margoshes and Rundle,^^
to predict that the IR absorptions would occur at 3.17, 3.21, 3.22, 3.23
and 3.50P. Robertson stated that absorption was observed between 3.0 to
, (189) ,3.5P, but no exact positions were given. Robertson also considered 
the enantiomorphism of ammonium oxalate monohydrate. Tie oxalate ion, as 
constrained in the crystal with a dihedral angle of about 28 , is optically 
active, and it will rotate the plane of polarized light passing along its 
optic axis.
(190)Taylor and Sabine carried out a combined X-ray and neutron
diffraction study of ammonium oxalate monohydrate, its fully deuterated
form and a 'null matrix* form, i.e. one containing 631 H and 37% D so
that the neutron scattering lengths cancelled. As in previous studies
the oxalate dihedral angle was found to be about 28°, and the ammonium ion
was slightly distorted, but to a lesser extent than Padamanthan. had found
(191)in an earlier two-dimensional neutron diffraction study.
Unit cell dimensions
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a = 8.035 ± 4A; b = 10.309 ±4; c - 3.795 ± 2
Ammonium ion and oxalate ion interatomic distances
X-ray Neutrondiffraction
C -C 
C - 0 ±
C -o2 
or c-02 
c  - c  - 02
C -G -0,
1.565(14) A 
1.254(5) 
1.248(9) 
125.9° (4) 
116.7 (12)
117.4 (5)
1.557(2) A 
1.248(2) 
1.254(3) 
125.6° (2) 
117.5 (4)
116.9 (2)
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AiaiKmiuffl ion and oxalate ion interatomic distances (Cont)
X-ray Neutrondiffraction
N -H2...07 3.172(4) A 3.172(4) &
N ~H....0^4 u 2.835(6) 2.836(4)
N 2.850(3) 2.849(4)
2.905(4) 2.910(4)
°CH20)“H(H20)”’‘0l" 2.767(4) 2.767(4)
•k
The o)~H(h 0)"'^ 1 1oon^  decreased in length on 
deuteration, whilst all o£ the N- H.. .0 bonds increased 
on deuteration.
Cr/stal structure of ammonium oxalate monohydrate
As can be seen from the diagram ^^0 3 the 0 ^  q)~^ (H 0)’"^1 
hydrogen bonds link the oxalate ions into a chain in a trans-manner. The 
NHi* groups linlc adjacent chains by hydrogen bonding to the oxalate ions 
and the water molecules.
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The oxalate ions are at special positions, with the two-fold axis of
symmetry normal to the C-C bond and coincident with the crystallographic 
f 171c-axis. J The water molecules are also at special positions on the 
two-fold axis. The ammonium ions are at general positions.
A2.39(f) Calcium oxalate monohydrate (Whewellite)
There■seems to be some confusion in the literature concerning the
crystal structure of calcium oxalate monohydrate. It is generally accepted
rige i jy-'that it is monoclinic, Cocco ''found the space group to be P2i/c,
with the unit ceil dimensions:
a = 6.24; b - 14.58; c = 9.89 R
3 = 107°
and eight formula units in the unit cell. '
(193)Amott, Pautard and Steinfink came to the same conclusions that
the space group was P21/c, with eight formula units in the unit cell, but
their unit cell dimensions were:
a = 6.61; b = 14.46; c = 10.07 A
8 = 116.5°
They noted that the hOl diffraction data permitted the choice of 
8 = 109.4° and different a, b and c values.
(194) ;Leavens found that when P2i/n orientation was used,
a = 6.276; b = 14.56; c = 10.012 R 
3 = 107° 5'
Leavens noted that:
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"Hie true b-axis of Whewellite is twice that chosen, on morphological 
grounds; the value given by the ASTM card 14-789 is also half the 
true value."
From the data given in these papers it is concluded for purposes of
factor group analysis that the space group is P2i/c with eight formula
units in the unit cell. From the atomic coordinates it is apparent that
none of the ions and water molecules are at special positions.(192,137)
Hie oxalate ions and the water molecules occupy two sets of crystallo-
graphically distinct sites. Hie structural analysis of Cocco and 
(137)Sabelli did not locate the hydrogen atom position. Hie 0...0
distance between the water molecules and the oxalate ions was found to
o obe 3.36 and 2,54 A for one type and 3.22 and 2.57 A for the second type
of water molecules. Hie sum of the angles about the carbon atoms of the
oxalate ions was found to be about 360°, however, it is known that this
is not sufficiently sensitive to judge the planarity of oxalate ions.
Hie two sets of oxalate ions were found to have different bond lengths,
and one set to approach the D.,. case more closely than the second.
(1951However, Sterling'1- - has commented that the data of Cocco and Sabelli 
was probably not sufficiently accurate for the distinction to be as 
great as Cocco and Sabelli found. Hie figure from Cocco and Sabelli,
shows the two different types of oxalate ions clearly. (p.217 ).
A2.39(g) Anhydrous calcium oxalate
Hie dehydration of calcium oxalate monohydrate, and the other
hydrated forms, has been described in a series of papers by Gerard,
f 1 7 S')Watelle-Marion and Thrierr-Sorel; Hocart, Gerard and Watelle-Marion
(196-198) (200-202)
j and also by Walter-Levy and Laniepce. These forms of
the anhydrous compound have been identified by X-ray powder patterns.
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The a form was concluded to be monoclinic, with the unit cell 
(178)dimensions:
a = 6.30; b « 14.66; c = 9.74A 
, 8 = 107°
The powder pattern of the y form readily distinguishes it from the a 
and 8 forms, but the a and 8 forms have very similar powder patterns. 
(It seems more likely that the 8 form was obtained in the present study.)
Calcium oxalate monohydrate: projection of the structure on to a plane 
quasi normal to [010]. (From Cocco and Sabelli (137)).
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A3♦ Experimental
Lithium, sodium, potassium and ammonium oxalates were prepared by 
recrystallizing commercially available material, by slow evaporation at 
room temperature. Calcium oxalate monohydrate was used without further 
purification. Dehydrated potassium oxalate was prepared by heating the 
purified monohydrate to about 170-I90°C on a thermobalance and retaining 
that temperature for about an hour after water loss occurred. This 
procedure gave the phase II form identified by Higashyama and Hasegawa 1^8^ 
Potassium oxalate monodeutera.te was prepared by dissolving the anhydrous 
material in D20 and cooling to obtain crystals. Calcium oxalate was 
dehydrated at about 260-280°C. The X-ray powder pattern indicated that 
it may have been the 3 form of Walter-Levy and Laniepce, but not all 
the expected lines were observed and most of those that were occurred in 
*die patterns of the a and 3 form. Ammonium oxalate monohydrate was 
dehydrated by heating to 120°C.
The IR spectra were recorded as mulls in nujol and hexachloro-1, 
3-butadiene, between potassium bromide plates, 4000-400 cm 1, and between 
high density polythene plates below 400 cm-1, The Raman spectra of die 
powdered materials were recorded in capillary tubes with the polarizer 
and analyser arranged as [Z(XZ)Y]. Under these conditions ghosts were 
not as strong as when the powder was placed in the depression of the usual 
powder sample holder. Since the powdered material effectively depolarized 
the incident light, the [Z(XZ)Y] did not weaken die Raman spectrum from 
die sample.
The narrowing of the Raman slits gave some improved resolution, and 
in some cases enabled two bands to be resolved at about 880 cm 1. The IR 
spectrum run under the conditions of medium scan rate and 'normal' slit 
setting could not be inproved by slow scanning and narrowing the slits.
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Far -IR spectra were recorded of nujol mulls of the anhydrous 
oxalates of sodium, lithium and potassium, and potassium, calcium and 
ammonium oxalate monohydrates. The spectra obtained were of poor 
quality and, where available, literature data has usually been used 
for making assignments.
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Li 2C20 , Na2C20i, K2 C2 O1, KjCzO^*H20 K2C20 i, *d2o
III Raman IR Raman IR Raman IR Raman IR Raman
• 3405(1)’ sh
33 6 5 (v s)j
3260(v s ) j  ■ 3253(3)
3075(w) 
3035 (w)
2971(<O.S)
2951(w) 2937(w)
2902 ( l ) b 291Q(mw) 2904 (raw)
2809 ( w )
2S20(vw)
2767(vw)
2393(<O.S)
2 3 4 0 (l)b
2742(w) 
2566(ew) 
2 S 18(w )  
2472 (to)
2378(to)
2291(mw)
2325(1)
2738(w)
2454(s) 2462(2)
2402(6)
2370 sh
1886 ( w )
16S7(s)
1746(1)
1758(1)
1489(100)
1472(?)sh
1424(w) 1426(2)
1753(2)
1647(14) 1645(19)
1636(vs)
1610(3) 1617(8)
1457(100)
1445(?)sh
1417(w)
1400(w)sh
1860(1'/)
1758(2) - 1759(2)
16S5(ms) 1653(4)
1623(23)
1617 (s )  1614 ( s ) j
1607(4)j 1606(25)
" 1602(10)j
1585(v s) 1585(vs)
1439(100)
1396(1) 1406 (mw)
1446(100)
1424(?)sh
1446(100)
1435(2)
1406(mw)
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(NW„)2'•C20^ *H20 (M i,) a •CaOi, CaC20i, ■ i i 2 0 CaCjOi,
IR Raman IR Raman IR Raman IR Raman
•
3488(m)j 
3430(m)j
3486(1)
3426(1)
3 2 1 0 (s )j
3232(12)j 
3172(10)sh 3160 (s ) j 3 185(4 )sh
3338(m) j 
3258(mw)j
3342 (< 0 .5) 
3250(<0.5)
3055 ( s ) j  
2 9 9 0 (s )j
3040(?)sh  
3009(31)j
3054( s ) j 3048(31) 
2 992(6)sh
30S7(m)j 3062(1)
i
2894(20) j  2890(8) sh
2860(5) 2864(? )sh  2 8 7 0 (s)j
2340(vw) 2354 (vw)
2 3 0 0 (l)b  228S(vw)
2149 (mw) 2168 (2)b 2156 (mw)
2124(2)b
1920(w) 1915(mw) 1905(vw)
1896(m) 1901(8)
1880(mw) 1886(2)
1738(vw) 1744(5) 1749(4) . •
1726(4) 1734(ew) 1732(4) 1728(2) 1724(2)
1699(ew) 1698(10) 1701(m) 1706(6) 1709 (vw)
1652(w) 1653(2)
1649(ew) 1650(vs)sh  1650(1) 1648(23)
1623(5) 1622(vs) 1630(21) 1636(vs)
1608(5)
1595(s ) 1 5 9 5 (? )sh 1597(6)
IS86(v s) ’ -
1577(21)
1 4 9 1 (6 i)j 1480(100)j
1465(ms) 1475(50) 1461(w) 1463(44) 1463(100)j 1467(79)j
1448(ms) 1448(100) 1447(100) •
1423(ms) 1430(<1) 1439(s) 1438(?)
1410(w) 1419(6)
1398(w) 1398(4) 1397(4)
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L i 2 C2 0t, Na 2 C2 0i* K2 C2 0„ K2 C2 0„.H 20 K2 C2 0if • D20
IR Raman IR Raman IR • Raman IR Raman IR Raman
1392(ew)
1340(m s)j 
1335( s ) j
1340(m s)j 
1 3 2 2 (s) j
1361(2)
1321(ms)
1305(s)
-1329(2)
1311(s)
1348(3)
1316(vs)  
1310(vs)
1350(2)
910(27)
929(1)
1067(ew)
944(1)
1224(m)
. . .
873(15)sh
856(<O.S)
885(37 ( j )  
87 7(18)j 874(46)
881(42). j 
8 76(34)j
87 9 (4 8 )j 
87 4 (4 8 )j
782(m s)j 
7 7 5 (s ) j
610(3)
779 (ms) j  
773(m s)j
772(m s)j 
7 6 5 (s )j
771 (ms) 
. 716 (mw)
614 (m)
724(1)
628(1)
7 7 1 (s )j
7 6 7 (s )j
52S(m)sh
S13(s)
435 (ins)
• 511(9) 
5486(7) sh
437(2)
519 (m)
568(8)
482(18) 
4 4 8 (1 )sh
49 2(m)
565(2)
465(32)
S27(ms)
555(5)
472(35)
529(s)  
4S2(m)
557(5)
468(23)
453(2)
374 (mw) 
352 ( w )
-  384(<O.S) 
339(<0.5)
362 (w)
-
356(ew) 
347(m)
405(1)
3 3 2 ( 0 .5 )
344 (w)*
110-310
(v s)
2 4 6 ( 0 . S)sh
1 8 6 -tra ce
en d :(s)
2 2 S ( 2 )b
195(130)
226(2) j 
215(1) j
210(1)
144-230
(S)
150-222
(vs)
158(53)
122-176
(v s)
155(15)sh 160(7)
146(?)
141(12)
?156(ew)sh
?147(ew)sh
140(6)
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(NH,,)2 .C2 0„.H 20 (Nlli,) 2 ■ C2 0if CaC2 0i( .H20 CaC2 0i,
IR Raman IR Raman IR Raman IR Raman
1385(1) 138 2 (mw) 
1366(mw)
1317(s)
1390(vw)
1360(vw)
1320(s)
1392(4)
1309(s) 1314(8) 1310(ms) 1313(12)
1290(ms)
894(41) j
1293(s)
947(w) 939(5)
895(30) 901(50)
879(80) 883(w) 88 5 (1 )sh 884 (w)
865(ew)sh 868(7) j 
816(3)
861(vw) 862(6 )sh 862(ew) 864(5)sh 860(5)
803 (m) .
776(ms)j 781(ms) 779(1) ' 787(s)
769( s ) j -
723(m) 727(1)
663 (m)
638 (m) 641(6)
489(36)
640(m) 639(9) 
478(19)
59 2 (w) 
516 (m)
592(7)
517(10)
499(20)
470(1)
524 (m)
**
595(7)
509(23)
487(22)
445(w)
439(18) 428(mw) 434(29)
420(m) 421 (<1)
404(3)
337(6)
417(ew)
234-334
(vs)
422(1)
340(2)
268(1)
250(8)
392(mw)
1
301 (2 )+ ’
210-256(s)
?225(vw)
207(65)
215(24) (?215)
(2240) 
224(26)j
209(34)j
194(21)sh
189(45)
(?196) 
184(m)
194(38).j
(?182)
193(131?)
177(10)
170(37) 169(s)
154(31) 153(105?)
144 (w)
141(79)
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Li 2C20t, Na 2 ^2 0 ( 1 K2C20i» KiCsO^.HaO K2 C2 O4 .D2 O
IR Raman IR Raman IR Raman IR Raman IR Raman
135(88) 137 (42) j 137(9) 134(20)
1 3 2 (3 )sh 133(?)
129(33) 130(m) 128(99)
125(116)
1 20(59)j -
114 (w) 115(30)
111(51) 112(40)
106(31) 105(34)
98(?)
96(130) 95(7) 96 (w)
92(m) 91(3)
85(83) 8 6 (?)
82(48) 80 (w) 79(24)
# 77(25)
74 (m) 74 (m)
66(155)
* -1IR n o t recorded  below  300 cm .
Sec t e x t .f _ i
IR n o t recorded below 300 and o n ly  v ery  poor Raman spectrum obta ined  below  300 cm .
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(NH0 2 .C2011.H2 0 (NHO2.C2O 1, CaC20ti .H2O CaC20t,
IR Raman IR Raman IR Raman IR Raman
135(62) 137(71)
122(31)
104(w)
99(269)
109(74)
103(137)
99 (w)
94(10)
101(145?)
82(685) 
72 (w) 73(250)
82(588)
(770)
77(17) • *
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A4.2 Spectra predicted from symmetry considerations
A4.2(a) Intramolecular vibrations
Factor group analysis can be carried out to predict the spectra 
that will be observed (details are given in Appendix 7 ).
Summary of IR and Raman activities
Sodium oxalate and lithium oxalate
(These have the same space group and 2 = 2 for both., so the same number 
of bands and activities are predicted.)
Crystal
symmetry
Trans = 
lattice 
vibrations
Libra-
tions
Intra­
molecular
vibrations
Acous­
tical
Total
optical Activity
C2h
Ag
Bg
Au
3
3
5
3
3
6
6
6 1
12
12
11
x2,y2,z2,xy 
xz , y z 
z
Bu 4 6 2 10 x}y
Potassium oxalate monohydrate and monodeuterate
Crystal
symmetry
Trans.
lattice
vibrations
Libra-
tions
Intra- * „, , Acous- molecular . - ,
vibrations tlcal
Total
optical Activity
C2h
Ag 4 4 8 16 x2,y2,z2,xy
Bg 5 5 7 . 17 xz,yz
Au 6 1 8 1 15 z
Bu 6 2 7 2 15 x,y
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Ammonium oxalate monohydrate
Crystal
symmetry
Trans. 
lattice 
vibrations
Libra-
tions
Intra­
molecular
vibrations
Acous­
tical
Total
optical Activity
D2
A 5 5 18 28 x2,y2,z2
B1 5 6 16 1 27 z,xy
B2 6 7 IS 1 28 y.xz
B3 5 6 17 1 28 x,yz
Calcium oxalate monohvdrate
Crystal
symmetry
Trans. 
lattice 
vibrations
Libra-
tions
Intra­
molecular
vibrations
Acous­
tical
Total
optical Activity
C2h
Ag 18 12 30 60 x2,y2,z2,xy
Bg . 18 12 50 60 xz.yz
Au 17 12 30 1 59 z
Bu 16 • 12 30 2 58
The oxalate ions in sodium oxalate, lithium oxalate and potassium 
oxalate monohydrate are at Ch sites and the factor group is C7^ . Since 
the site group and the factor group both contain a centre of symmetry, 
the rule of mutual exclusion is maintained. However, the presence of 
too formula units in the primitive cell gives rise to too components, 
which are both IR or both Raman active.
In contrast, the oxalate ion of ammonium oxalate monohydrate is at 
a- C^ site and the factor group is D^ , neither of which include a centre
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of symmetry. The correlations show that the vibrations of B^ g, B^ u and
B2u symmetry for the oxalate ion, under symmetry, for ammonium oxalate
monohydrate, have two components, and B2, which are both IR and Raman
active. The A . B, , A and B- vibrations, under , have two g5 3g* u 3u 5 2h
components also, A and ; both are Raman active but only the component 
is IR active. All of the preceding oxalates have had the oxalate ions in 
the primitive cell accommodated at one set of sites. For calcium oxalate 
monohydrate, there are eight formula units in the primitive cell. The 
oxalate ions are not at special positions, and occupy two distinct sets 
of sites of symmetry. Since the ions experience two distinct 
environments, it is predicted that the ions in one environment will have 
IR and Raman bands at slightly different positions to those of the second 
environment. For each set of four ions, the correlation, via the site 
symmetry, to the C,,^ factor group, gives rise to four non-coincident 
components, two IR active and two Raman active. When both sets of ions 
are considered, a vibration of the isolated symmetry oxalate ion gives
rise to four IR and four Raman components.
The water molecules of potassium oxalate monohydrate occupy C2 
sites. The correlation to the factor group gives rise to two 
components, for each of the vibrations of an isolated water molecule, 
one IR active and the second Raman active. The water molecules of 
ammonium oxalate monohydrate occupy C2 sites. The B2 mode of the water 
molecule under symmetry correlates to B2 and B^  modes under the D2 
factor group, both of which are IR and Raman active. Hie A-^ modes under 
C2v correlate to A and B^  modes; the B^  is IR and Raman active but the A 
is not IR active. (The water molecules and the oxalate ions in ammonium 
oxalate monohydrate both occupy C2 symmetry sites, but the correlation 
differs since, for the water molecule, the C2(z) axis is retained whilst 
for the oxalate ion the C2(x) axis is retained.) Hie water molecules of
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calcium oxalate monohydrate occupy two distinct sets of sites, and, 
in the same manner as described above for the oxalate ion, each vibration 
of an isolated water molecule gives rise to four IR and four Raman 
components.
The effect of the crystal field on the ammonium ion vibrations is to 
lift the degeneracy of the E and modes of the ion under T^ symmetry.
•j*Hie primitive cell contains four NHu ions. The correlation, via the 
site group, gives rise to one component in each of the four species of 
the D2 factor group for the iL vibration, under T^ , two in each for the 
E vibration and three in each for the F^  vibrations. In common with all 
the other splittings predicted these may not be resolved.
A4.2 (b) Librations
Details of the symmetry and activity of the librational modes are 
contained in Appendix 7. The water librational modes occur in the same 
region of the spectrum as deformation vibrations of the oxalate ion. In 
potassium oxalate monohydrate the effect of the C2 site symmetry with 
the factor group is to cause one component to be IR active and the 
second Raman active. 'This can be useful in distinguishing intramolecular 
oxalate ion vibrations from water librations, since for the former both 
components of a vibration will be active in the same spectrum, (and may 
or may not be resolved), whereas in the latter case a band in IR should 
be found at a position very close to a Raman band. Unfortunately, such a 
simple relationship does not occur for ammonium and calcium oxalate 
monohydrates. Librations of the ammonium ion may also occur in the same 
region as oxalate deformations.
Translational vibrations occur at very low frequencies and so are 
usually well separated from intramolecular vibrations. However, the C-C
- 230 -
torsional vibration may also occur at a very low frequency. Hie C-C 
torsional mode is expected to be Raman inactive and IR active for lithium, 
sodium and potassium monohydrate and monodeuterate. The translations of 
the lithium ion are exceptionally high, due to the very low mass of the 
ion. Factor group analysis predicts that the lithium ion translations 
will be IR and Raman active, whereas the oxalate ion deformation bands, 
that occur at similar frequencies, should be IR or Raman active.
A4.5 Band assignment
A4.5(a) Introauction '
Most oxalate ion fundamentals are readily assigned from the spectra 
of lithium and sodium oxalate. They have the same space group and their 
stable state at room temperature Is anhydrous. Hie low frequency 
vibrations may be markedly affected by the change in. mass between lithium 
and sodium and the differences in the lattice forces. Potassium oxalate 
has been used as the monohydrate, the monodeuterate and the anhydrous 
salt. The disappearance of bands on dehydration indicates which bands 
are probably due to water but, since the crystal structure of the 
anhydrous form is not known with certainty, the possibility that the 
bands have disappeared because of different selection rules being 
applicable cannot be excluded (suggestions for the space group of 
anhydrous potassium oxalate are given in Appendix 9 ). Potassium oxalate 
monodeuterate is assumed to have the same structure as the monohydrate, 
with slight differences in the lattice parameters. Hie three forms of 
potassium oxalate should enable the water bands, both intra- and 
intermolecular, to be identified.
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For the above cases the rule of mutual exclusion is upheld for the 
oxalate ion in the crystal, but the C2 site group and D2 factor group of 
ammonium oxalate monohydrate introduces the added complication that each 
mode of the oxalate ion under the factor group has one or more 
components that are IR and Raman active. Dehydration can indicate water 
bands, but again it should be remembered that the structure of the 
anhydrous material may give rise to different selection rules.
Tlie occupation of two sets of crystallographically distinct sites 
for the oxalate ion, and the water molecule, of calcium oxalate monohydrate 
introduces the possibility that bands may be doubled by differences in the 
vibrational energy levels of 'the oxalate ion in the different sets of sites 
as well as the tine of factor group splitting found in the previous cases. 
Hie presence of eight formula units in the primitive cell and the site 
symmetries gives rise to a rich spectrum. Calcium oxalate has also been 
dehydrated. Hie rehydration of samples provides a check that decomposition
4*has not occurred or a volatile contaminant driven off, for example NHi,
(133)left when calcium oxalate was precipitated.
Hie section on band assignment has been arranged to present the 
assignment of the oxalate ion and water molecule intramolecular fundamental 
vibrations and lattice vibrations, followed by a more detailed 
consideration of individual compounds.
A4.3(b) Intramolecular oxalate ion fundamentals above 300 cm 1
A4.3(b)I Hie C-0 stretching vibrations
In the case of lithium, sodium and anhydrous potassium oxalate, the 
four strongest bands above 1300 can be assigned to the C-0 stretching 
vibrations of the oxalate ion.
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Tlie IR band at 1657 for lithium oxalate and 1636 for sodium oxalate 
corresponds to the v8 B2u asymmetric stretch of the isolated oxalate ion, 
under symmetry. Splitting of the band was not apparent, but it was 
slightly asymmetric. In the case of anhydrous potassium oxalate, the 
band was wider, with an obvious shoulder at about 1655 and the strongest 
absorption at 1617. This is a large difference to be assigned to factor 
group splitting, and it might be due to a combination band.
Hie OH water deformation is expected to occur in the same region as 
the 1620-1660 oxalate band. Its presence is not obvious when potassium 
oxalate monohydrate is compared with anhydrous potassium oxalate. The 
shape of the absorption is not wider, as might be expected due to the 
presence of an underlying absorption. The maxima occur at 1614 and 1585 
for the monohydrate, but at 1585 only for the monodeuterate. This implies 
that the 1614 maxima observed for the monohydrate is really due to the 
water deformation. Thus comparison of the hydrated and anhydrous 
compounds alone can be misleading.
Hie 1600-1650 Raman band
Hie Raman band at 1647 for lithium oxalate and 1645 for sodium 
oxalate, corresponds to the vio symmetric stretch of the isolated 
oxalate ion, under symmetry. In both of these cases a second,weaker 
band was seen at 1610 and 1617, for lithium and sodium respectively. For 
anhydrous potassium oxalate the stronger band was observed at 1623 and a 
weaker band at 1653. Only one band, which could be resolved into two 
components, at 1602 and 1607, was seen in this region for potassium 
oxalate monohydrate. Hie monodeuterate had one band at 1606 that could 
not be resolved into its predicted components. The bands of lithium and
The 1585-1660 IR band
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sodium could not be resolved. The weaker bands observed in this area for 
lithium, sodium and anhydrous potassium oxalate, may be too far from the 
stronger bands to be accounted for by factor group splitting. They could 
be due to combination bands but a suitable combination is not apparent 
for the sodium or potassium compound.
Hie 1600-1660 region of ammonium and calcium oxalates
Hie crystal structure of ammonium oxalate monohydrate does not 
exclude IR and Raman coincidences, except for the A components of bands. 
Hie only strong band of the IR spectrum in this region was at 1595, and 
corresponds to v8 of the isolated oxalate ion. Hie Raman spectrum is not 
as readily interpreted. The comparatively weak 1608 band probably 
corresponds to Vi0 or it could be v3. The difference of 13 cm 1 between 
IR and Raman spectra is not excessive for a coincidence in this case since 
the IR and Raman bands are both wide. Similarly, both bands may include 
both vio and v3. A shoulder is just discernible in the Raman at 1595 
which is probably the Raman active components of v8. The stronger Raman 
band at 1698 is considered to be too high to be assigned to an oxalate 
fundamental. In a similar way to that discussed for the effects of
twisting about the C-C bond for the oxalate ion in solution (see p. 73 ),
" o(191) ■the dihedral angle of about 28 would be expected to diminish the
frequency difference between v8 and Vio.
Hie strong IR band of anhydrous ammonium oxalate occurs at 1586.
Hie Raman spectrum shows three bands, at 1623, 1597 and 1577, the latter 
being more than, three times as intense as the former two, and all much 
narrower than the 1608 band of the monohydrate. From the intensity, the 
1577 band probably corresponds to vio? but similar considerations apply 
here as discussed above in the case of the monohydrate. The 1597 band is 
probably due to another component of Vio- Hie structure of the anhydrous
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form is not known, but the spectra indicate that the site and factor 
group are such that the centre of symmetry of the oxalate ion is not 
maintained.
Calcium oxalate monohydrate has a strong IR band at 1622 and a 
strong Raman band at 1630, corresponding to v8 and vi0 respectively. 
Anhydrous calcium oxalate has the strong IR band at 1636 and the Raman> o
band at 1648. The strong IR shoulder of the monohydrate at 1650 and the 
very weak Raman band at 1650 are probably due to water.
The 1440-1490 Raman band
This band, corresponding to vl5 is invariably the strongest band of 
the Raman spectrum assignable to an intramolecular vibration. It occurs 
at 1489 for lithium oxalate, 1457, sodium oxalate,1439, anhydrous 
potassium oxalate, 1446, potassium oxalate monohydrate, and 1446 potassium 
oxalate monodeuterate. The band is asymmetric at the base, but usually 
it has not been possible to resolve the lower frequency component from the 
main band.
The H-N-H angle deformation vibrations complete this region for 
ammonium oxalate, but tire great intensity of the oxalate vibration 
aids its recognition. The 1448 Raman band of the monohydrate is 
coincident with an IR band at 1448. Since this band correlates to Vi, 
the second IR peak, at 1423, cannot be accounted for as a factor group 
component of the 144-8 band. The anhydrous compound has a Raman band at 
1447 and an IR band at 1439.
The most intense band of calcium oxalate monohydrate occurs at 1463, 
and a second band, of considerable intensity, at 1491. It is known that 
the oxalate ions occupy two sets of distinct sites, so it is probable
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that these bands correspond to the same band, vi, of the isolated oxalate 
ion, and the different environments of the two sets of sites accounts for 
the 28 cm 1 shift. However, a doubling of the other C-0 stretching 
vibrations is not observed.
Hie 12-90-1340 IR band
Hie 1290-1340 IR band corresponds to the asymmetric stretch, v5, 
of the oxalate ion, under symmetry. Hie bands of lithium, sodium 
and anhydrous potassium oxalate are very similar in appearance, 'with 
split bands at 1340 and 1333, 1340 and 1322, and 1321 and 1305, 
respectively. Hie 1311 band of potassium oxalate monohydrate is not 
split, but the monodeuterate has a split band at 1316 and 1310. Here, 
as elsewhere, the presence of H?0 leads to a spectrum showing somewhat 
broader bands and less resolution of components.
Hie band occurs at slightly lower frequencies for hydrated and 
anhydrous ammonium oxalate. Hie IR band is doubled, at 1309 and 1290 
for the hydrated, and at 1310 and 1293 for the anhydrous compound. Hie 
Raman shows only one band, at 1314 and 1313 for the hydrated and 
anhydrous, respectively. From the factor group analysis this most be 
due to lack of intensity or resolution, rather than the operation of 
selection rules.
Calcium oxalate monohydrate and anhydrous, show one IR band at 1317 
and 1320 respectively.
A4.3(b)II Hie 870-895 Raman band
Hie 870-895 band corresponds approximately to V2, the totally 
symmetric C-C stretch of the oxalate ion under symmetry.
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877 and 885, potassium oxalate monohydrate, 876 and 881 and potassium 
oxalate monodeuterate, 879 and 874. Hie lithium oxalate spectrum has 
three bands in this region, 856, 873 and 910. The 856 band is very weak, 
and is probably not a fundamental. The 910 band is assigned to v2 
(see p. 273).
Ammonium oxalate monohydrate has two Raman bands at 868 and 894, 
and anhydrous ammonium oxalate bands at 862 and 879. In both cases a 
single, very weak, IR band is seen at 865 for the monohydrate, and 861 
for the anhydrous compound. For the monohydrate, the correlation tables 
show that Ag vibrations of the oxalate ion, under symmetry, correlate, 
via the site symmetry, to A and of the D? factor group. Since A is 
IR inactive, under the 894 band can be assigned to the A component 
and the 868 to the
The Raman spectrum of calcium oxalate monohydrate shows three bands 
at 864, 885 and 895, and the IR spectrum two bands at 883 and 862. The 
895 Raman band is much more intense than the others. It is assigned to 
v2' at one set of sites and 864 to v2" at the second set of sites. The 
885 Raman band is wider and probably due to a water libration. Anhydrous 
calcium oxalate has two Raman bands at 901 and 860 that are assigned to 
V 2  •
A4.3(b)III The 765-820 IR band
The IR band, 765-820, can be approximately described as the 
asymmetric O-C-O angle deformation, corresponding to v s B^ u, under 
symmetry. Except for calcium oxalate, the anhydrous oxalates show a band 
split by 6-7 cm-1, i.e. lithium, 775 and 782, sodium, 773 and 779, 
potassium, 765 and 772, and ammonium, 769 and 776. Potassium oxalate
The band can be resolved into two components, for sodium oxalate,
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monohydrate has a single IR peak at 771. The band for potassium oxalate 
monodeuterate can just be seen to be split into two components at 771 and 
767. The 781 IR band of calcium oxalate monohydrate is coincident with a
779 Raman band. Anhydrous calcium oxalate has an IR band at 787.
The band is readily identified for anhydrous ammonium oxalate at 769
and 776, but for the hydrated ammonium oxalate no strong bands are
recorded here. The IR moderate 803 band, and the Raman 816 band, can 
probably be assigned to this fundamental.
A4.5(b)IV Tne 555-610 Raman band
Hie 555-610 Raman band corresponds to Vn, the B^g symmetric rocking 
mode of the isolated oxalate ion, under symmetry. Comparison of the 
hydrated, deuterated and anhydrous forms of potassium oxalate confirms an 
oxalate band occurs in this region.
The band occurs at 555 for the monohydrate of potassium oxalate, at 
557 for the monodeuterate and at 565 for the anhydrous compound. For 
sodium oxalate it can be associated with the 568 band. A choice must be 
made between the bands at 610 and 511 for lithium oxalate to account for 
vu and V3. V3 is invariably a more intense band at lower frequency so 
610 can be assigned to Vn. The oxalate fundamental is assigned to the 
592 band of hydrated calcium oxalate and to the 595 band of the anhydrous 
form.
No bands are seen between about 490 and 640 for hydrated and 
anhydrous ammonium oxalate. The band at 641 for the monohydrate and 639 
for the anhydrous compound are of comparable intensity and are assigned 
to the vn oxalate fundamental.
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The 490-530 IR band corresponds to v9 the B2u asymmetric rocking 
vibration. It is expected that bands corresponding to v9 and v:i would 
occur at very similar frequencies, since under symmetry they become 
necessarily degenerate as the E band v3. v9 can be assigned to the 513 
band of lithium oxalate, the 519 of sodium oxalate, and for potassium 
oxalate to 527 for the monohydrate, 523 for the monodeuterate and 492 for 
the anhydrous compound.
For ammonium oxalate monohydrate v9 is assigned to the band at 640 
and for the anhydrous compound t o the band at 638 (see also Section A4.6(f) 
and A4.6(g)). The 516 band of calcium oxalate monohydrate is assigned to 
v9 and the 524 band of the anhydrous calcium oxalate. For anhydrous 
calcium oxalate the 524 IR band was not coincident with a Raman band, but 
for calcium oxalate monohydrate a Raman band was observed at 517. This is 
assigned to vs’ (see section A4.5(b)VI below), but the selection rules 
allow components of v9 to be Raman active.
A4.5(b)VI The 470-500 Raman band
The Raman band at 470-500 corresponds to the totally symmetric C07 
angle deformation, v3, of the isolated oxalate ion. It is usually one of 
the more intense Raman bands. It can be assigned to the 482 band of 
sodium oxalate, 489 of ammonium oxalate monohydrate, 478 of anhydrous 
ammonium oxalate, 499 and 517 bands of calcium oxalate monohydrate, 509 
and 487 of anhydrous calcium oxalate,and,for the potassium oxalates, 472 
the monohydrate, 468 the monodeuterate and 465 the anhydrous compound.
The band is not easily assigned for lithium oxalate. The intensity 
observed for the other oxalates suggests that it should be sufficiently 
intense to be observed, so the choice is between the 437, the 486 and the 
511 bands. The 511 band was the most intense and it is assigned to v3.
A4.3 (b) V Hie 490-530 IR band
A4.3(b)VII Oxalate ion fundamentals 5GO to 500 cm 1
The IR fundamentals Vu and v1£ and the Raman fundamental v9 under 
symmetry, are expected to occur at frequencies below 500, and the v9 
fundamental probably in the far-lR below 300. Hie spectrum of the 
oxalate ion in solution showed a weak band at about 305 (see p.75 ). Hiis 
was assigned to v9, under D?^  symmetry or vs and (unresolved) under 
symmetry. These can be approximately described as out of plane CO^  
wagging vibrations and for the solid state they would be expected to be 
found at a slightly higher frequency than, in solution. Since v9 and Vi2 
become the degenerate E type vibration v9 under symmetry, they would 
be expected to occur at a similar frequency. Geometrical differences 
between the oxalate ion in solution and in the solid state, however, have 
been observed to modify these general ideas. Hie v8 and vn, ®2h’ stretching 
bands of the solid occur at very similar frequencies, usually within 
about 20 cm 1 of each other, but usually they have been observed at 
somewhat higher frequencies in the solid. The V8 and vn bands, under 
D2h, corresponding to vB5 an E mode under D2(p have been assigned to bands 
at almost the same frequency in some cases, but in others the difference 
may be 50 cm 1 or possibly more. In solution no bands assignable to the 
latter fundamentals have been found. (This may be due to the undulating 
water background in this region mas long a very weak, wide band.)
No omnipresent bands have been observed in the IR or Raman spectra 
between 300 and 400. However, in about half of the compounds studied 
weak IR and Raman bands have been observed. Hiese are of the order of 
intensity that would usually be associated with combination or overtone 
bands and in some cases they are of such a frequency that there is an 
alternative assignment, e.g. the 347 IR band of potassium oxalate
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The 486 and 437 bands are assigned to lithium ion translations.
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monohydrate could be assigned to the difference band V2 - v9 = 876 - 
527 = 349, and the 332 Raman band to v2 - Vn = 881 - 555 = 326. However, 
the 347 IR band of potassium oxalate is of moderate relative intensity, 
and so unacceptably strong for such a difference band. For the IR bands, 
the observation may be influenced by "the instrumental difficulties of the 
300 to 400 cm-1 region. This does not apply to the Raman observations, 
but out-of-plane wagging vibrations probably have little change in 
polarizability associated with them, and so are intrinsically weak. The 
IR bands at 362 for sodium oxalate, 552 lithium oxalate, '347 potassium 
oxalate monohydrate and 344 potassium oxalate monodeuterate are assigned 
to v 12 • Calcium oxalate monohydrate and the anhydrous compound show 
absorption below about 320, but the maximum of this absorption is below 
300 and so rather low to assign to v12. Since this band, seems broad and 
strong it is possible that vi2 may he contributing to the absorption at 
the high frequency end of the band. Calcium oxalate monohydrate has an 
extremely weak band at 417 and anhydrous calcium oxalate a weak band at 
392, but these Eire probably too high, to be assigned to vi2•
Hie Raman bands at 339 for lithium oxalate, 332 potassium oxalate 
monohydrate, 337 anhydrous ammonium oxalate and 340 calcium oxalate 
monohydrate, are assigned to v?. Hie 301 Raman band of anhydrous 
calcium oxalate may be too low to assign to v7. It is perhaps surprising 
that v7 should be assigned for potassium oxalate monohydrate but not for 
potassium oxalate monodeuterate. However, for the monohydrate the 
relative intensity is <0.5 (on the scale of the 1446 peak having an 
intensity of 100) and there may be an extremely weak band at about 340 
for the monodeuterate, but for the most strongly scattering samples 
observed it was not significantly above the noise level.
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Hie C-C torsional vibration is expected to occur at a low frequency 
and it is predicted to be IR active for lithium and sodium oxalate, and 
potassium oxalate, monohydrate and monodeuterate (see Summary, p.226, 
for the activities of the other vibrations that may occur in this region). 
Since the far-IR results obtained in this study were very poor, published 
data has been used where available.
It can be seen from the table on p.243that there seems to be the 
choice of a band at about 100-130 or about 200-220 that is IR active and 
so could be due to the Vt> torsional mode. Calculation of the frequency, 
using the value of the potential barrier obtained from MIND0/3 
calculations, indicates that it is expected to occur at about 120 cm"1. 
However, the magnitude of the errors involved in the calculation are 
unknown and also the effects of the crystal forces (see Appendix 10 ).
The 25°C IR results of Amau and Giguere ^ ^ d o  not show any bands for 
sodium oxalate between 148 and 252, but their -190°C spectrum shows a band 
at 200, Intermolecular bands are expected to be affected by changes in 
temperature much more markedly than intramolecular bands, so this may 
indicate that the 200 band of sodium oxalate is due to an intermolecular 
band, but conversely it could merely reflect the recognition of a band 
that had become resolved from the background in the general ’cleaning-up’ 
effect of lowering the temperature. The 132 band was considered by Amau 
and Giguere to have shifted to 136 at low temperature, This is a small 
shift and in keeping with .its assignment to an intramolecular band.
(127)Fukushima found for potassium oxalate monohydrate and mono­
deuterate that the only significant term in the potential energy 
distribution of the Au band he calculated at 232 was associated with the 
rotation about the C-C oxalate bond and the largest contribution to the
A4.3(c) The C-C torsional vibration
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Bu 232 band was associated with the same change. It will be shorn (see
p.372) that some of the band positions he calculated were not very close
to observed values, especially for the Raman bands. The force constant
Fukushima used for the C-C torsion was not adjusted using the observed
frequencies. Although he calculated tine positions for the Au and By
modes of the monohydrate and the monodeuterate, only in the case of the
B_u mode for the monodeuterate was an observed band assigned to the C-C
torsional vibration, or a vibration having the change of the internal
symmetry coordinate associated with it as a significant term in the
potential energy distribution. In a later paper by Fukushima,
comparison of the IR spectrum of the monohydrate at room temperature and
at -100°C, seems to show, from his reproduced spectra, that the bands in
the region 200-250 were more noticeably affected than the bands at 129
and 92. He assigned the low temperature bands at 230 and 244 to water
(127)translations, on the basis of his earlier calculations, but 
unfortunately did not discuss the other observed bands below 250 or record 
the low temperature spectrum of the monodeuterate. '
The weak IR band at 144 for calcium oxalate monohydrate may
correspond to . For this compound also strong absorption was seen in
the region 234-334 and possibly a very weak band at 215. Lorenzelli,
(109)Gesmundo and Randi did not report any IR bands below 220. They 
identified their calcium oxalate as the 2.5 hydrate. However, their bands 
at 517, 589 and 675 compare closely with the bands I have observed for the
monohydrate, i.e. 516, 592 and 663. Also, the spectra observed by
(131) (132)Adrian and by Hesse et al show a band at about 670 for the
monohydrate (Whewellite) but not for the dihydrate (Weddellite). The
monohydrate is the form more usually precipitated but under the right •
conditions of pH, etc. the other forms of calcium oxalate can be
synthesised^1’^ \ t  seems likely that Lorenzelli, Gesmundo and Randi
actually obtained the monohydrate.
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Comparison o f  observed bands below 300 cm" 1
Li 2 C2 0 , Na2 C2 0,, K2 C2 O14 KzCzO^-HzO KjCzOi, -DzO
Assignment
IR(IOP) Raman IR (119) Raman IR* Raman IR (127) Raman IR (127) Raman
(280)
252 246 T1 (Na+)
226 T2 (Na+)
225
216
215 T3 (Na+)
2 1 0 215 TX(K')
195
- 190 195 T2 (K+)
23Or
/ 160 165 t 3 (k+)
*144
158 155 160 156 Rx (0X)
148
146 147 TjOizO)
141 140 Tz (H20)
135 137 137 133 134 R2 (0X)
129 132 128 125 Rj  (OX)
1 0 2 132 114 129 125 v*
115
1 2 0 1 1 1 115 1 1 2 R4 (0X)
106 105 T3 (Hz0)
96 95 98 91 Rg(OX)
92** 92 93
82 85 8 6 79 77 R6 (0X)
74** 778 80 Tx C0X)
6 6
58 56 54 T2 (0X)
*
The l it e r a t u r e  does n o t co n ta in  data on the IR spectrum. The 
sample used in  t h is  study  probably p icked  up some w ater and th e  
spectrum in  general was poor.
★ *
These va lu es are taken from th e  p resen t stu d y . L o r e n z e ll i ,  
Gesmundo and Randi d id  not record  any bands below 102.
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The IR spectrum of ammonium oxalate monohydrate shows a weak band 
at 104 and strong absorption between 210 and 256. Lorenzelli, Gesmundo 
and Randi^1®9^  recorded bands at 102 and 212. Based on the calculation 
using the MIND0/3 potential barrier, the Vif vibration is assigned to the 
104 band.
A4.5(d) Lattice vibrations of the oxalate ion .
Factor group analysis indicates that for sodium and lithium oxalate 
and for potassium oxalate monohydrate and monodeuterate, the oxalate ion 
lib rations are active in the Raman only. In these cases there are two 
molecules in the primitive cell, so six bands are expected, 3A and 3Bct.
O C>
All six bands may be resolved, or, as in the case of the intramolecular 
vibrations, a smaller number of bands may be observed.
It is difficult to find six Raman bands that are observed in the 
spectra of each of the compounds, but the following are the most probable 
peaks to assign to oxalate ion librations; R^ (OX), 155-160;
R2(0X), 133-137; R3(0X), 125-132; R4(0X), 111-120; R5(0X), 91-98;
Rg (OX), 77-86. This assignment assumes that both components A^ and B  ^
are resolved for all the bands. It may be considered that the 77-86 
and possibly the 91-98, are too low to be assigned to oxalate ion 
librations. In this case it is necessary to conclude that either all the 
oxalate ion librations have not been observed, or that all components 
have not been resolved. With reference to the latter possibility, it is 
observed that R2(OX) and R^ (OX) are 9 cm 1 or less apart, but R^ (OX) is 
18-27 cm 1 from R2(0X), so it is possible that R2(0X) and R3 (OX) may be 
the two component bands of one libration whereas the band assigned as 
R, (OX) is composed of the unresolved A and B components of a libration.o §
(For further discussion of the assignments, see p.382 ).
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The IR bands 54-80 can probably be assigned to oxalate ion 
translations. If it is assumed that the 54-58 peak is due to the 
same vibration for sodium oxalate and potassium oxalate monohydrate 
and monodeuterate. then they can be assigned only to an oxalate ion 
translation or a difference band (i.e. its appearance for sodium 
oxalate excludes the possibility of it being due to water). The 
observations of Lorenzelli, Gesmundo and R a n d i a n d  the present 
study did not extend below about 70, so no data on this band is 
available for lithium oxalate and anhydrous potassium oxalate. The 
74-80 bands, assuming all are genuine, can similarly only be 
assigned to an oxalate ion translation or a difference mode.
The lithium, sodium and potassium oxalates discussed above 
show great similarity in their spectra below 300 cm-1. Whilst this 
is probably expected for lithium and sodium oxalate, it is perhaps 
surprising that the potassium oxalates should be so similar. It 
is concluded that for these the masses of the species involved in 
rotational and translation vibrations have a much greater effect on 
the frequencies than changes in the crystal forces.
The Raman spectrum of ammonium oxalate monohydrate is similar 
to those of lithium, sodium and potassium oxalates. It is possible 
that the bands at 177, 135, 99 and 82 correspond to four of the 
librations, and the R2(OX) and R^ (OX) modes were not observed. 
Factor group analysis indicates that oxalate ion librations can be 
IR and Raman active for ammonium oxalate monohydrate but the weak 
IR band observed at 104 is more likely to be due to the C-C 
torsional vibration than the IR active component of R^(OX).
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For anhydrous ammonium oxalate five librations can probably 
be identified, i.e. 170, R^(OX); 137, R2(0X); 109, R^COX);
103, Rs(0X) and 82, R6(0X) .
Two Raman bands of calcium oxalate monohydrate can be 
tentatively assigned to oxalate ion■librations: 94, R5(0X) and
77, Rg(OX) . The weak IR band at 99 may correspond to the IR active 
components of R^  (OX). The 141 Raman band may be due to the Raman 
active components of , or it may be associated with R2(0X) or the
presence of water. Hie Raman spectrum obtained for anhydrous calcium 
oxalate was very poor. The peaks observed at 153 and 105 may 
correspond to R^ (OX) and R-(OX).
A4.3(e) Cation translations
The very light mass of the lithium ion causes its translations to
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occur at very high frequencies, and they are readily assigned to the IR
and Raman bands at about 500, 436 and 379. If the effect of the crystal
forces on the translations of lithium and sodium ions are very similar then
the ratios of frequencies will depend on the square root of the inverse
of the masses of the ions. This enables the frequencies for the sodium
ion to be predicted at 276, 240 and 209. No Raman bands are observed
between 448 and 246, so possibly the Raman bands at 246, 226 and 215 can
be assigned to the sodium ion translations. In this study very strong
IR absorption was observed between 210 and 310, whereas for lithium oxalate
a much less intense general absorption was found. (Lorenzelli, Gesmundo and
Randirecorded an IR band at 216, and a second, shown in brackets at
280, for lithium oxalate.) The only IR band recorded in this region by
Lorenzelli, Gesmundo and Randi for sodium oxalate was at 245. Similarly, 
(119)Amau and Giguere recorded an IR band at 252 at room temperature and 
bands at 200, 240 and 284 at ~190°C, It is interesting that their 25°C 
Raman results do not show any bands between 170 and 300, but they observed 
bands at about 225, 235, 255 and 288 at -190°C. (The source for Raman 
excitation was not stated.) Close scrutiny of spectra recorded in this 
study failed to locate the 288 Raman band, but as the 215, 226 and 246 
bands were all very weak, the 288 band may have been too weak to 
distinguish from noise. If the 288 Raman band, and the 284 IR band at 
-190°C, are taken as the highest frequency sodium translation, and if 
10 cm 1 to lower frequency is allowed for the temperature shift, this 
would give Raman bands at 215, 226, 246 and 278 compared with the 
predicted bands at 209, 240 and 276. Hie assignment of the 215 and 246 
Raman bands observed in this study to the sodium translations seems 
satisfactory, but the choice between the 226 band observed here and the 
band observed at 288 (at -190°C) by Amau and Giguere is not readily made.
It has been previously noted that the spectrum of potassium oxalate
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monohydrate below 300 is surprisingly like those of sodium and lithium
oxalate. Use of the 379, 436 and 500 lithium translations to predict the
positions of the potassium ion translations gives the results 161, 185
and 212. If the sodium ion translations are taken as 215, 246 and 278,
the potassium translations are predicted to occur at 165, 189 and 214.
A sodium translation at 2Z6 predicts a band at 174. For potassium oxalate
very weak Raman bands were observed at 210 and 160. In this study very
f12 ? Pistrong IR absorption was observed from 150-222, but Fukushima1
found bands at 160, 190 and 210. From 'their positions the bands agree
closely with those predicted. Fukushima also observed IR bands at 165,
195 and 215 for potassium oxalate monodeuterate. Only one very weak . 
Raman band was observed in this region at about 156. For anhydrous 
potassium oxalate strong IR absorption was seen from 144 to 230, but no 
Raman bands were observed. Hie Raman bands observed for the monohydrate 
and monodeuterate were very weak in this region, so it is possible that 
they were not detected for the anhydrous compound; however, this is the 
same region where it is likely that water or D20 translations could occur.
The crystal structure of ammonium oxalate monohydrate is unlike those 
discussed above. If the mass is more important than the crystal forces in 
determining the frequencies of the translations, a comparison with the 
positions calculated for sodium and potassium may be helpful. The 
calculation predicts that the ammonium ion translations will be observed 
at 312, 277 and 238. The only Raman bands observed between 180 and 420 
are at 225 (extremely weak), 207 and 194. Strong IR absorption was 
confined to the area 210-256. Lorenzelli, Gesmundo and Randi^^ 
located an IR band at 212. For the previously discussed spectra it is 
apparent that strong or very strong IR absorption has been observed in 
this study in the regions where the translations are predicted, but 
Raman bands have been found to be weak or not observed. Since the strong
IR absorption is confined to 210-256 it is assumed that the translations 
are to be found in this region. Factor group analysis indicates that the 
translations should also be Raman active. It is possible that the Raman 
bands at 207 and 225 correspond to two of the translations. The 194 
Raman band may also possibly be due to a translation, but it is too low 
to coincide with the region of IR absorption. The IR spectrum of 
anhydrous ammonium oxalate was not recorded below 300 cm 1, but the Raman 
spectrum shows two bands, at 215 and 189.
Calcium ion translations would be expected to occur at about the 
same positions as the potassium ion translations from consideration of the 
ion mass alone. IR bands have been observed at 215, 196 and 169 (although 
the first two were weak). The Raman bands at 209 and 194 may correspond 
to two of the IR bands. The IR spectrum shows very strong absorption in 
the 234-334 region. The highest frequency portion of this is probably 
due to Vi2. Raman bands were observed at 268, 250 and probably a weak 
shoulder at 240. Either the 170-220 or the 234-334 region is probably 
due to calcium ion translations. The IR spectrum of anhydrous calcium 
oxalate was not recorded, but the Raman spectrum shows a strong band at 
193, which suggests that the 170-220 bands can be associated with calcium 
translations rather than the 234-334 region.
A4.4 Water bands
A4.4(a) Intramolecular vibrations
Except in the presence of ammonium ions, the strong bands over 
3000 cm 1 can be assigned to OH stretching vibrations of water, possibly 
with the addition of the overtone of the bending mode. When dehydrated 
the region above 3000 for potassium oxalate is clear of absorption.
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Whilst this observation is significant for the IR spectrum, where the 
water absorption is intense, the water bands are weak in the Raman 
spectrum and it is likely that a sample could be substantially hydrated 
and the water bands not be observed in the Raman spectrum.
The IR spectrum of potassium oxalate monohydrate has two very
strong bands at 3260 and 3565, which are broad and overlap each other
extensively. The 3365 band is assigned to the antisymmetric stretching
vibration, and 3260 to the symmetric stretch. Two weak, broad Raman
bands are seen at 3255 and 3405, which can be assigned to the symmetric
and the antisymmetric stretching vibrations respectively. In contrast
to the oxalate ion, the site symmetry for the water molecules is C2, so
that under the factor group one component of each band appears in the
IR spectrum and the second appears in the Raman. The differences in
frequency between the IR and Raman bands for a. particular stretching
vibration should not be used as an indication of the magnitude of factor
group splitting, as the positions of the peak maxima are very uncertain,
and probably not better than ±10 cm-1 for the 3405 Raman band. For the
deuterated compound, a strong band appeared at 2454 in the IR and at 2462
in the Raman spectrum. Residual water showed as a band at 3287 in the IR
spectrum but it was not detectable in the Raman spectrum. Tlie IR bands
f 203)also include contributions from HDO molecuI.es. If the shapes of the
IR bands of the deuterated sample are compared with the hydrated material 
it can be seen that the band of the residual H20 has a maximum about 3280 
and absorption in the 3360 region has decreased to such an extent that 
the band at 3280 merely looks asymmetric. This can be accounted for by 
the major contribution to the absorption being due to the v(0H) band of the 
HOD molecules. Hie 2454 band has a shoulder at 2370, but it does not 
look similar to a shifted water OH stretching region of the monohydrate. 
Again this is probably due to the contribution of the HOD molecules.
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Also, the frequency difference between the symmetric and the antisymmetric
stretching vibrations of the H20 and the D20 molecule are probably not the
(203)same, and differences in the separation of the peak positions will
affect the general contours of the observed envelope.
Hie H-O-H angle deformation is largely obscured by oxalate C-0 
stretching vibrations. As previously described (see p232 ), comparison 
of the IR spectra of potassium oxalate monohydrate and the anhydrous 
compound, did not enable the H-O-H deformation to be identified. Hie 
occupancy of two different sets of sites for the oxalate ion and the water 
molecules conplicates the spectrum of calcium oxalate monohydrate. Hie 
structure of anhydrous calcium oxalate is not known, but from the spectrum 
it seems probable that two sets of sites are occupied. For the anhydrous 
compound only one band was assigned to v8 and v10> If only one band is 
assigned to v8 and vio for the monohydrate, then the 1650 shoulder on v8 
and the very weak Raman band at 1650 can possibly be assigned to the 
H-O-H deformation.
A4.4(b) Intermolecular vibrations
Hie water librational modes for potassium oxalate may be identified 
by the effects of dehydration and deuteration. The 716 and 614 bands 
disappear on dehydration. Differences in the crystal forces cause the 
527 band of the monohydrate to be shifted to 492 in the anhydrous compound. 
The assignment of this band to an oxalate ion fundamental is supported by 
the presence of a band at 513 for lithium oxalate and 519 for sodium 
oxalate. Similarly, the IR spectrum of the monodeuterate, does not have 
bands at 716 and 614, but a band is observed at 529. The 452 IR band of
the monodeuterate is assigned to the same band as thS 614 of the
monohydrate. This gives a ratio of vqr/vod 1*36. If it is considered
to be shifted from 716 then the ratio would be 1.58. Only tiro IR
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librationai bands could be assigned for the monohydrate and one for the 
monodeuterate. A similar band pattern is found in the Raman spectra, 
the weak bands at 724 and 628 for the monohydrate disappear on 
dehydration, and a new band appears at 453 for the monodeuterate. These 
Raman bands are weak and broad and the positions of their maxima are 
uncertain. The Raman band at 555 for the monohydrate, 557 for the 
monodeuterate and 565 for the anhydrous compound, is assigned to an 
oxalate fundamental. It has been suggested^2 that the 527 IR band of 
the monohydrate includes the third water libration as well as an oxalate 
ion fundamental. If a water libration does occur at 527 then it would 
be expected that a corresponding band would be observed in the Raman. 
Such a band was not identified, but it is impossible to predict whether 
the band, if present, would be seen as a shoulder on the 555 band or if 
it would be lost between the stronger 472 and 555 bands.
For ammonium oxalate the only band to obviously disappear on 
dehydration in the 750-500 region is the band at 723 in the IR and 727 
in the Raman spectrum.
The water librationai modes of calcium oxalate monohydrate are 
complicated by the water bands from the two sites occurring at different 
positions. The highest frequency libration is assigned to the 947 IR, 
939 Raman, band for water molecules at one set of sites and the. 883 IR, 
885 Raman, band for the water molecules at the second set of sites. A 
second librationai mode was assigned to the IR bands at 663 and 592 for 
the two sets of sites. A corresponding Raman band was not observed for 
the 663 band. The frequencies of these bands are higher than would be 
expected from conparison with potassium oxalate monohydrate. The 
assignments are supported by the disappearance of the 883-947 bands on 
dehydration, and the IR spectrum of Hesse et al 1^32^  indicates that they 
are shifted considerably by deuteration. In the Raman spectrum the 885
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band occurs as a shoulder on the 895 v2' fundamental, but the 'clean-up'
effects of dehydration show its origin, and support the assignment of v2”,
for the oxalate ions at the second set of sites, to the 864 band. It is
surprising that the 663 IR band is not accompanied by a Raman band, but
(1321again the effects of dehydration and deuteration show that it can be
associated with water. The IR band at 592 was similarly affected by 
dehydration and deuteration, but the Raman 592 band was little affected 
by dehydration. (No Raman spectra of the deuterate are known.) It is 
concluded that the 592 Raman band must be essentially due to the oxalate 
ion, with possibly some contribution from a water libration.
The Raman bands observed at 146 and 141, for potassium oxalate 
monohydrate, are assigned to translational modes of the water molecules. 
These bands may seem to occur at lower frequencies than would be expected 
from consideration of the mass of the water molecule alone, but 
comparison with the other compounds studied indicates that they may be 
considered as essentially due to water. Prask and Boutin(204) 
bands in this frequency range could be assigned to the translations in 
ice. For potassium oxalate monohydrate the 141 and 146 bands are not 
very strong, but the region clearly contrasts with the lack of scattering 
found for the anhydrous potassium oxalate where the weak tail of the 137 
band is the only scattering observed above 140 until the strong band at 
465. Raman bands are not seen in these positions for lithium and sodium 
oxalate, although Amau and Giguereobserved an IR band at 148 for 
sodium oxalate.
The two bands seen at 140 and 147 for potassium oxalate monodeuterate 
are assigned to the translations of the D20. If it is assumed that the 
lattice forces are the same for the monohydrate and the monodeuterate 
then from mass considerations alone the translations of D20 would be 
expected to occur at about 134 and 139. It is frequently found that the
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potential energy distributions are altered to some extent by the 
substitution of D20 for H20, and since most lower frequency vibrations 
contain contributions from changes to more than one symmetry coordinate, 
the assignments of the 141 and the 146 bands to H20 translations and the 
140 and 147 bands to B20 translations are not unreasonable. (218)
Fukushimi-^ ' ^assigned the IR low temperature bands at 230 and 244 to 
translation lattice modes of H20. Both of these bands seem to have been 
associated with the band observed at 210 at room temperature. For the 
deuterated compound, at room temperature, the band observed at 215 is 
assigned to a D20 translational mode for the species component, but no
observed band was assigned to the calculated B species component that 
had the largest contribution to the potential energy distribution from 
the term associated with the D20 translation for the Au species. Fukushima 
did not consider the spectrum of the anhydrous potassium oxalate, but in 
this study the IR spectrum showed strong absorption in the region 144-230, 
and although not as strong as that observed for potassium oxalate 
monohydrate, its presence supports the assignment of the-bands, 160, 190 
and 210, for the monohydrate, to potassium ion translations, rather than 
water translations.
Comparison of the spectra of ammonium oxalate monohydrate and 
anhydrous, suggests that the bands observed at 122 and 154 can be associated 
with vibrations that are essentially water translations.
For calcium oxalate monohydrate there is only one band observed 
between 99 and 169 in the IR or Raman spectra. This is observed as a 
weak; band at 144 in the IR and a very strong band at 141 in the Raman.
The IR band is assigned to the Vi, torsional mode. For calcium oxalate 
monohydrate, factor group analysis shows that the Vi, vibration can be IR 
and Raman active, so the 141 Raman band may be due to Raman active 
components of Vi*. Unfortunately, the IR spectrum of anhydrous calcium
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oxalate was not recorded below about 280 and the Raman spectrum was very 
poor. From the limited data available it is possible that the IR and 
Raman band at about 183 and the Raman bands at 224 and 250 could be 
associated with water translations. These frequencies are much higher 
than those of hands assigned to water translations for the other oxalates 
discussed above, but the translational frequencies are very dependent on 
the intermoiecular forces. Hie structure of the calcium oxalate 
monohydrate crystal is known to he very different, from that of the other 
oxalates. There are conflicting results in the literature,^3 
but let it be assumed that the structure of Cocco and Sabelli^3^  is 
correct. They found that some of the 0-0 distances between the oxalate 
ions and the water oxygen atoms were as short as 2.54 and 2.57 X. These 
are of the magnitude associated with strong hydrogen bands, so the 
corresponding translations and librations would be expected to occur at 
higher frequencies. The highest librationai mode was assigned to the 
947 IR band and the 939 Raman band. This is more than 200 cm 1 higher 
in frequency than the highest frequency band assigned to water librations 
for potassium oxalate monohydrate, where the 0-0 distances are all the 
same, 2.75 A. Similarly, the lowest frequency 0-H stretching vibration 
of calcium oxalate monohydrate is assigned to the band at about 3060 
whereas for potassium oxalate monohydrate the vs(0-H) stretching 
vibration is observed at about 3250. Although it is evident, from the 
positions of the intra- and inter-molecular vibrations, that calcium 
oxalate monohydrate has two crystallographically distinct water molecules, 
the 'clean1 background observed in the IR spectrum and the width and 
positions of the v (OH) and v (OH) bands does not seem compatible with a
S cl .
compound containing hydrogen bonds with 0.. .0 distances as short as 
2.54$.^^ (see p .450 )•
O x a l a t e  i o n  a s s i g n m e n t s - 256 -
° 2 h
Symmetry
Symmetries and A c t i v i t i e s  o f  groups
Approx. Band 
frequency No. A c t iv ity D escr ip tio n
1 2 3
• Sym. A ct. Sym. A ct. Sym. A ct.
1450 V!
Ag
R vs (C-0)
a e r Ag 2R A R
Bg R Au
Bg
Bu
2IR
2R
2IR
B3 R+IR
875 \> 2
Ag
R v(C-C) As fo r  Vi
490 v 3
Ag
R 6 S (O-C-O) As fo x  Vj
125 Vi* \ IR t (C-C) Au IR Ag
2R A R
Bu IR Au
*g
Bu
2IR
2R
2IR
B3 R+IR
1320 v 5 Blu IR v a (C-0) Au IR Ag
2R
B 1
R+IR
Bu IR Au
Bg
Eu
2IR
2R
2IR
B 2
R+IR
775 Vg Blu IR (O-C-O) As fo r  v s
337 v 7
B2 g
R u,. (O-C-O)
Ag R Ag
2R
B 1
R+IR
Bg R \
Bg
Bu
2IR
2R
2IR
B 2
R+IR
1620 Vg
. B 2u
IR va (C-0) Au IR
\
2R
B 1  • R+IR
Bu IR Au
Bg
Bu
2IR
2R
•2IR
B 2
R+IR
•520 v 3
B 2u
IR Pa (O-C-O) As fo r  vg
1640 Vio B3g R
vs (C-0)
Ag R . Ag
2R A R
Bg R Au
BeC'
Bu
2IR
■2R
2IR
B3 R+IR
530 V n B3g
R Pg (O-C-O) As fo r  Vjo
350 v 1 2 B3 u IR ua (O-C-O) A , IR \
2R A R
B„ IR Au
Eg
Bu
2IR
2R
2IR
B3 R+IR
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The D2k symmetry of the isolated oxalate ion has been used as a 
basis for labelling the assignments. The oxalates examined, of known 
structure, can be put into three groups: (see table opposite)
1. Lithium oxalate, sodium oxalate, potassium oxalate monohydrate 
and monodeuterate.
2. Calcium oxalate monohydrate.
3. Ammonium oxalate monohydrate.
Hiose in Group 1 have two molecules in the primitive cell, and the 
site and factor groups are the same for the oxalate ion, i.e. C- and 
C^ respectively, so that the same activities and splittings are 
predicted by factor group analysis. Calcium oxalate monohydrate has die 
same C^ factor group, but die C^  site symmetry and eight formula units 
in the primitive cell gives rise to different activities. Ammonium 
oxalate monohydrate has a C2 site symmetry for the oxalate ion and D2 
factor group. (For further details of the factor group analysis see 
Appendix 7 .)
A table (p.258) can be constructed to show the range of frequencies 
observed for the oxalate fundamentals in the nine compounds studied. Hie 
table is arranged approximately in order of descending frequency. It can 
be seen that a large proportion of the C-0 and C-C stretching vibrations 
show factor group splitting. Hie CO2 in-plane deformation, v6, is 
unique among the deformation bands in showing factor group splitting. It 
seems to illustrate that generally in-plane and out-of-plane deformation 
bands are less sensitive to the crystal field effects than the 
stretching vibrations.
A4.5 Summary of oxalate ion assignments
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Comparison o f  fundamental v ib r a tio n  p o s it io n s ,  arranged in  order o f  d ecreasing  frequency
Band
No. Na+ L i+
K+
(anhyd)
K+
(H2 0)
K+
(D,0 )
NH„ + 
(H2 C)
NH„+
(anhyd)
Ca+
(HzO)
Ca+
(anhyd)
v 6 1636 1657
1655)
)
1617)
1585 1585 1595 1586 1622 1636
Vio
1645)
)
1617)
1647)
)
1610)
1653)
)
1623)
1607)
%
1602^
1606 1608
1597)
)
1577)
1630 1648
Vl
1457)
)
144S)
1489)
)
1472)
1439 1446 1446
1448)
)
1430)
1447)
)
1438)
1491'
1463"
1480'
1467"
Vs
1340)
)
1322)
1340)
)
1333)
1321)
)
1305)
1319)
)
1311)
1316)
)
1310)
1309)
)
1290)
1310)
)
1293)
1317 1320
V2
885)
)
877)
910 874
881)
)
876)
S79)
)
874)
894)
)
8 6 8 )
879)
)
862)
. 895' 
864"
901’
860"
V6
779)
)
773)
782)
)
775)
772)
)
765)
771
771)
)
767)
803
776)
)
769)
781 787
v5l 568 610 565 555 557 '641 639 592 595
v 9 519 513 492 527 529 638 640 516 524
V3 482 511 465 472 468 489 478
517 * 
499"
509'
487"
Vl2 362 352 347 344
\>7 339 332 337 340 301
v* 132** 92 114 130 125** 104 * 144 *
IR sp ectra  were n ot recorded in  t h i s  r eg io n .  
L itera tu re  v a lu es  (see  p . 2 41).
IR spectra of powders: A, anhydrous potassium oxalate.
. B, sodium oxalate.
C, lithium oxalate. .
- (Nujol mulls below 2000, over 2000 and 1400 region inset, in H.C.B. 
Nujol peaks are indicated by the letter n.)
- 260 -
IR 
spe
ctr
a 
of 
po
wd
er
s:
 
A, 
po
ta
ss
iu
m 
oxa
lat
e 
mo
no
de
ut
er
at
e.
B, 
po
ta
ss
iu
m 
oxa
lat
e 
mo
no
hy
dr
at
e.
- 261 -
Ram
an 
spe
ctr
um 
po
wd
er
ed
 
sod
ium
 
ox
al
at
e
- 262 -
10
0
- 263 -
spe
ctr
um 
po
wd
er
ed
 
an
hy
dr
ou
s 
po
ta
ss
iu
m 
ox
al
at
e.
- 264 -
Ram
an 
spe
ctr
um 
pow
de
re
d 
po
ta
ss
iu
m 
oxa
lat
e 
mo
no
hy
dr
at
e
- 265 -
! I T
i —  i -
- ui - . - - — —  c?  v - • e* -
—  ; - -  : -r - '---- —
*: i • - - -  ;' r  p  * * r-~r-*. r -  — ---* — 1--------* *-----     '  - - f
1 : ' T “ ‘  T P T ? "  i j -
■ CV qt:—T—  ■
- . - - . t — *-■ | A
?f;:r;r
?~7~ f '  : T f
-i’: i; . . . .  4 ^ -rr^-rrv—-r- -~ r r :-----rr r:----------—
r " r T ~: r' -'-^ — Trf&rir-r^ -. — .  rn • — nr--r-
■IXa-  T -r r tr .t-n i-r -^ —T f — rV -r
 -vr-fr
_ . .
~*rr 114 .is-=44--
I_ r •: ~
-  - L i .    t T - r — r H 4 -  - f - -
i  u L _ L I i  J . i ; . : .
-fr M U
s^rH-i.
I p :
i i i f  '
• : • h” i-M-i
: E M lH u
i f:;e mpi: fnfiiltctiL
r:-_r :-
r • ~  ** • r~?
;-r—L-: ~:r -•Ct ^ ...   05*
. FT
-~T::
- r - r —
■ r i— r H - r
■ Li I . 1
. . . .
- j- •J
• i ' - i i t n r
; — i i l \  i
t ^ . 4 - r - . -
— - -o r  t : - * - : -  01:- 
. i-. .. i: I
I
1
rir*
:rli'
:r '■ i
■f :
.. L-
:~§
frr-H- •H1-;
• • r - t • t •
Ram
an 
sp
ec
tr
a 
of 
po
wd
er
s:
 
A, 
an
hy
dr
ou
s 
po
ta
ss
iu
m 
ox
al
at
e.
B, 
po
ta
ss
iu
m 
ox
al
at
e 
mo
no
hy
dr
at
e.
C, 
po
ta
ss
iu
m 
ox
al
at
e 
mo
no
de
ut
er
at
e.
- 267 -
A4.6(a)1 Description of spectra
The 877 and 885 Raman bands were better resolved using the narrower 
slit conditions, No other bands were resolved by using narrower slits.
The relative peak heights of the Raman bands 120, 129 and 137 are very 
uncertain since the peaks overlap to a great extent.
Hie IR bands at 1322 and 1340 and at 773 and 779 were partially 
resolved sharp bands. The far IR spectrum consisted of a band at 74 cm 1 
and two very strong regions of absorption, from 122-176 and 210-310. The 
74 band is very close to a background absorption, at about 70, but 
comparison with other spectra indicates that the observed band cannot be 
accounted for by incomplete background subtraction, although this may 
make a small contribution. In the following table far-IR bands taken from 
the literature^ '1"'* are shown with an asterisk.
A4.6(a)2 Assignments of bands
Assignment of observed bands of sodium oxalate
IR Raman Assignment
A4.6(a) Sodium oxalate
2937 (w) v5 + vio = 1322 + 1617 - 2939
2902 (l)b 2v 2(1457) = 2914
2767 (vw) v5 + vx = 1322 + 1457 = 2779
2340 (l)b v2 + Vi = 885 + 1457 = 2342
1886 (vw) Vn + v5 = 568 + 1322 = 1890
1753 (2) 2v2 2(877) = 1754
1636 (vs)
1645 (19) 
1617 (8)
Vi o
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IR Raman
1457 (100)“ 
1445 (?) _
1417 (w)
1400 (w)sh
1361 (2)
1340 (ms)j 
1322 (s)j
885 (37)j “ 
877 (18)j
779 (ms)j “
773 (ms)j _
568 (8)
519 (m)
482 (18)
448 (l)sh
362 (w)
(252)* 246 (<.5)sh
310-210(vs)
226 (2)j 
215 Cl)j 
155 (15)sh
(148)*
122-176(vs)
137 (42)i
(132)*
129 (33) j 
120 (59)j 
85 (83)
74 (m)
(58)*
Assignment
Vi
v5 + R6(0X) = 1340 + 85 = 1425 
v9 + v2 = 519 + 885 = 1404 
v3 + v2 = 482 + 885 = 1367
v5
V2
VS
V n
V9
V 3
T3(Na+)+T2 G4a+)=215+246=461 
V 1 2
T?(Na+)
v 12 ~ Vi* = 362 - 132 = 230 
T3(Na+)
R]_(0X)
R6(OX)+T2(OX) = 85+58 = 143 or 
R6(0X)+T1(QX) = 85+74 = 159 
R2(0X)
Vit .
R3(0X)
r4(0X)
%(0X) .
T-lCOX)
t 2(0X)
Assignment of bands over 300 cm-1
The bands over 300 cm-1 are readily assigned to fundamentals, or
first-overtone and binary-combinations of oxalate ion fundamentals,
except for the IR band at 1417 and the Raman band at 448. Here, and for
the other compounds considered, when two components of a band are 
observed, and the band is one of those involved in a combination, the 
component chosen is that which gives the frequency closer to the observed 
position, in the absence of any selection rules to the contrary, e.g. for 
sodium oxalate the 2767 band is assigned to vs + Vi = 1322 + 1457 = 2779, 
rather than using the component Vs at 1340.
The 1417 IR band could be a combination of the strong Raman lattice
mode at 85, assigned to Rg(OX), and the IR fundamental vs, 85 + 1340 =
1425. The 448 Raman band could be due to the combination T^  (Na+) +
+ty(Na ) = 246 + 215 = 461. Although the Raman intensity observed for 
246 and 215 is weak, the IR was observed to have a region of very strong 
absorption, 210-310. The translations of the Na+ ion are allowed in the 
IR and Raman, so it is likely that some, or all, of the intensity
observed for the 448 band may arise from a Raman active combination of
two IR components of the same symmetry. However, Amau and Giguere 
observed only one IR band in this region at room temperature, at 252,
and bands at 200, 240 and 284 at -190°C.
Assignment of bands below 300 cm" 1
The assignment of the lattice fundamentals has already been discussed 
(see p..244). The 226 Raman band may be assignable to the difference mode 
v 12 - Vi» = 362 - 132 = 230. However, the corresponding combination band 
has not been assigned, but the strong 482 band, assigned to V3, was observed 
at about the same position as the combination would be expected. Two 
possible assignments can be suggested for the 148 IR band, neither, of which 
is very satisfactoxy: (OX) + T^ (OX) = 85 + 74 = 159 or R^ (OX) + T2(0X) =
85 + 58 = 143.
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A4.6(b)l Description of spectra
Two components are discemable for the IR bands 1333 and 1340, and 
775 and 782.
Two intense Raman bands are seen at 873 and 910. It is unlikely 
that these are the two components of the one band of the isolated oxalate 
ion as they are much further apart than has been observed in any of the 
other oxalates. Hie narrowest slit settings possible failed to further 
resolve either of these bands. It was observed that the peak width at 
half-height of the 910 band relative to that of the 873 band increased 
from about 1.9 to 2.9 as the slits were narrowed and the relative heights 
of the 910 to 873 changed from about 2:1 to about equal. Whilst these 
changes may be entirely due to instrumental effects, the apparent 
changes noted for the 910 band were similar to those seen for potassium 
oxalate monohydrate, where narrowing of the slits eventually leads to 
resolution of two components. (It was shown that the differences in the 
appearances were not due to peak distortion arising from too high a 
scanning rate. The effect was repeatable and reversible on different 
portions of the sample and at different incident light intensities, 
which indicated that decomposition was not involved.) Also, it seems 
more likely that the wider band would be composed of two unresolved 
components.
In general the Raman spectrum of lithium oxalate contains a slightly 
larger number of bands than is found for sodium oxalate.
A4.6(b) Lithium oxalate
271
Assignment of observed bands of lithium oxalate
A4.6(b)2 Assignment of bands
IR Raman Assignment IUh numbering
3100 (vw) ve + vj = 1657 + 1489 = 3146
2971 (<.5) 2Vl = 2(1489) - 2978
2951 (w) Vio + v5 = 1647 + 1333 = 2980
2809 (vw) v x + v= = 1489 + 1333 = 2822
2520 (vw) v8 + v2 = 1657 + 910 = 2567
2393 (<.5)b v j + v2 = 1489 + 910 = 2399
1746 (1)3 v5 + T2(Li+) = 1340 + 435 - 1775
1738 CD3 v5 + T^ (Li+) = 1333 + 435 = 1768u
1657 (S)
1647 (14) -
V8
1610 (3) _
Vio
1489 (100)-
1472 (?)sh_
Vi
1422 (2)sh v3 + v2 = 511 + 910 = 1421
1424 (w) T1(Li+) + v2 = 520 + 910 = 1430
1392 (ew) Vg + v2 = 513 + 910 = 1423 or
1340 (ms)j v6 + V u  = 782 + 610 « 1392
1333 (s)j . Vs
910 (27) v2
873 (15) Tx(Li+) + T3(Li+) = 520+374=894
856 (< *5) 2T2(Li+) = 2(435) = 870
782 (ms) j"
775 (s)j v6
610 (3)
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IR Raman Assignmentnumbering
525 (m)sh TiCLi+)
513 (s) V o
511 (9) v3
5486 (?)sh T1(Li+)
435 (s)
437 (2) '
T2(Li+)
374 Cm)
384 C<.5) '
T3(Li+)
352 (w)sh V i z
339 C<*5) v?
186-
trace end.
(280)* T3(Li+) - R5 (OX)=374-96=278
225 C2)b R5(0X) + R2(OX) = 96 + 135 = 231
216* R]_(0X) + 
R?(0X) +
T1(OX) = 158 + 74 = 232 or 
T1(0X) = 135 + 74 = 209 or
v,, + R2(0X) = 92 + 135 = 227
195 (130) R2(0X) + R6(0X) = 135 + 82 = 217
158 (53 ) Rx(0X)
135 (88) R2(0X)
96 (130) R5(0X)
92 (m) Vij
82 (48) r6(0X)
74 Cm) T-j^ (OX)
*
Pealc positions of Lorenzelli, Gesmundo and Randi.
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The lithium translational vibrations are usually observed in the 
range 550-350 cm 1 .^^The IR pattern for lithium of 525(m)sh,
513(s), 435 (s), 374(m) and 352(w), can be compared with that of sodium 
oxalate: 519 (m) and 362 (w). Consequently, the 435 band can be readily 
assigned to a lithium translational mode. Factor group analysis shows 
that the translations can have two components in the IR and two 
components in the Raman. Hie weak Raman band at 437 corresponds to the 
435 IR band. Probably the IR band at 374 and the very weak Raman band 
at about 384 can be assigned to the lowest frequency lithium translation. 
The moderate intensity IR shoulder at 525 can probably be assigned to the 
highest frequency lithium translation and the sharper maximum at 513 to 
v9. If the Raman, spectra of lithium and sodium oxalate are compared it 
is apparent that the 511 band of the lithium compound is overlying a 
broader, weaker band. The maximum of this band may be at about 486 or 
it may be at a somewhat higher frequency and be hidden by the 511 band. 
This broader, weaker Raman band is taken to be composed of the Raman 
active components of the lithium translation seen at 525 in the IR. The 
exact position of the IR band is difficult to judge as it is a shoulder. 
A similar type of behaviour is seen in the IR spectra of lithium and 
sodium carbonates. Whilst the region 550 to 350 is clear of strong 
absorptions for the sodium compound, lithium carbonate shows a strong 
band at about 490 and a second strong absorption between about 350 and 
430 that is obviously due to the overlapping of two or more bands.
Sodium oxalate has one Raman band, resolvable into two components 
at 877 and 885, whereas lithium oxalate has three bands, two intense at 
873 and 910, as described above, and a third very weak band at 856.
Since the 910 band may be composed of two components, as expected by 
factor group analysis, and it has a considerably greater integrated band
Assignment of bands over about 300 cm 1
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intensity than the 873 band, it is assigned to the v2 oxalate 
fundamental. The appearance of so intense a band at 873 for the lithium 
compound and its absence in the case of the sodium compound suggests 
that it may be connected with the lithium translational vibrations. No 
entirely satisfactory explanation can be found, but the following is a 
possible suggestion.
It is noticed that tire strongest of the three bands, and probably 
•that representing v2, occurs at about thirty wavenunibers higher than is 
found for sodium and potassium oxalates. The high intensity of the 873 
band, and the probability that it is not a fundamental, suggests that 
Fermi resonance effects may be involved. A combination of the lithium 
translational IR bands 374 + 520 = 894. Since Fermi resonance is a 
symmetrical perturbation, the observation of a band at 873 and 910 
places tlie unperturbed band positions in the region of 892. This is 
still rather higher than might be expected from comparison with the
V*
position in sodium and potassium oxalate. Possible suggestions for the 
856 band are that it is the overtone of the lithium translation 
435, 2(435) = 870, or that it may be a conibination band of the oxalate 
fundamental vibrations, 352 + 513 =875. Both of these bands are 
further from the observed band than might be expected from anharmonicity 
effects, so it is not impossible that the position of the observed band 
at 856 has been shifted down somewhat by resonance with the band at 873. 
This would imply that the observed position at 873 would have been lower 
if resonance had only occurred between the bands observed at 873 and 910, 
and consequently that the unperturbed position of the 873 band was lower 
than about 892. The lithium translational vibrations have a component 
in each of the symmetry species of C2h' and y2 has and components 
under the C^  space group symmetry, so there are a number of possible 
ways for Fermi resonance to occur. It is not possible to predict which
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of the components will actually be involved, but obviously they are all 
gerade.
All of the non-fundamental bands have been accounted for as 
binary combinations or first overtones. Some have involved two lithium
*j*translations, i.e. 856 is assigned to 21^(Li ) and 873 to T-^ fLi ) +
+Tg(Li ), and some a lithium translation combined with an oxalate 
fundamental, e.g. the 1424 is assigned to T.,(Li ) + v2. The very small 
mass of the lithium ion causes the translational modes to occur at much 
higher frequencies than are usually encountered for cations and 
consequently more coupling of oxalate ion Intramolecular modes with the 
cation translations is observed. ^205)
Assignment of bands below 500 cm 1
Lorenzelli, Gesmundo and Randirecorded a band as (280) but 
did not comment further on it. It is possibly due to the difference 
band Tj(Li+) - R^ (0X) = 374 - 96 = 278. A satisfactory assignment 
cannot be found for the IR band at 216. Hie most likely assignments 
would seem to be R^OX) + T^OX) = 158 + 74 = 232 or R2(0X) + T (OX) = 
135 + 74 = 209, or + R2(0X) = 92 + 135 = 227. The Raman band at 195 
is extremely strong, but it does not fit into the pattern of rotational 
fundamentals, and so must be assigned to a combination band, of which 
the closest is R^OX) + R^ (OX) = 135 + 82 = 217. All of the oxalate 
librations have not been assigned for lithium oxalate, so possibly its 
pattern of librational bands may be somewhat different from sodium and 
potassium oxalates and the 195 band may be the highest fundamental.
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A4. 6 (c) 1 Description of spectra
It was not possible to resolve any of the Raman bands into too 
components. The 465 band was blmt-enaed which suggested that it was 
composed of too components. No Raman bands were obvious between 400 
and 140 cm 1. However, it is possible that extremely weak scattering 
about 412 and 340, and also at 842, may have been real peaks or only 
noise. The region below 140 is dominaxed by the very strong band at 
66 cm-1. Bands below 66 are assumed to be ghosts. The shoulders at 86 
and 95 are probably 'genuine' as they are weak but repeatable, and 
similarly the band at 132 is probably 'genuine'.
Unlike the Raman spectrum, three IR bands have been observed to 
be split into too components, i.e. 1655 and 1617, 1321 and 1305, and 
722 and 765. The IR bands at 80 and 114 are probably due to the 
anhydrous potassium oxalate, since they do not coincide with peaks of 
the hydrated compound, but a weak band at 354 was assigned to the 
hydrated compound. Hie broad absorption region, 144-230, may have a 
contribution from the hydrated compound.
A4.6(c)2 Assignments
Assignment of observed bands of anhydrous potassium oxalate
A4.6(c) Anhydrous potassium oxalate
IR Raman Assignment D2h numbering
3014 (vw) 
2918 (vw)sh 
2888 (w)
Vi + v8 = 1439 + 1617 = 3056
v5 + vio = 1321 + 1623 = 2944
Vs + v10 = 1305 + 1623 = 2928
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lR Raman Assignment 02^ numbering
72721(vw) V x + V 5 = 1439 + 1305 = 2744
1655 (ms) j ~ 
1617 (s)j _ Vs
1653
1623
(4) j “ 
(25)j _
V i o
1459 (100) Vi
1396 CD 3v3 = 3(465) = 1395
1329 (2) V?_ + Va = 874 + 465 = 1339
1321 (ms)j 1 
1305 (s)j v5
929 CD 2v 3 = 2(465) = 930
874 (46) V2
772 (ms)j " 
765 (s)j _ V6
565 (2) Vll
492 (m) v9
465 (32) v3
144-230(s)
137 (9) R2(OX)
132 (3)sh R3 (OX)
114 (w) v4
111 (51) R4 COX)
95 C?)sh R5 (OX)
86 C?)sh r6(0X)
80 (w) T], (ox) \
66 (155) See text
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All of the bands over 300 could be assigned to fundamental, binary 
combinations or first overtones, except the band at 1396. This was 
assigned to 3v3 = 3(465) = 1395. Hie first overtone of v3 was assigned 
to the band at 929, compared with 2v3 = 2(465) = 930, so it does not 
seem too unreasonable to assign the 5v3 band to the 1396 band when 
3v3 = 1395.
Assignment of bands below 300 cm 1
Hie literature does not contain any reference to the spectrum of 
anhydrous potassium oxalate in this region, so it is not possible to 
ascertain the peak position or positions that were recorded in this IR 
study as a continuous strong absorption between 144 and 230 cm 1, This 
is at about the same region as the strong continuous absorption observed 
for potassium oxalate monohydrate in this study, and is probably due to 
the translation of the K ions. The Raman band at 66 dominates the 
spectrum at low frequency and so it would be expected that it would be 
assignable to a fundamental. However, such a band has not been observed 
for the other oxalates. It has the right frequency to be assigned to an 
oxalate ion translation. Hie structure of anhydrous potassium oxalate 
is not known, so the activity of the oxalate translations cannot be 
deduced with certainty. However, the general appearance of the spectrum 
suggests that a centre of symmetry is retained, in a similar way to that 
found for potassium oxalate monohydrate, and so it is likely that the 
oxalate ion translations are not Raman active. Possibly it could be the 
overtone of a low lying oxalate ion translation or involve acoustical 
modes. (Hie IR spectrum in this region is at the limit of its range, so 
the lack of a corresponding IR band has no significance.)
Assignments over 300 cm 1
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A4.6(d)l Description of spectra
Two components were resolved for two Raman bands, 876 and 881,
1602 and 1607. A spectrum run at very high amplification and with a very 
long time constant confirmed the reality of the very weak bands 332, 405 
and 2325. The 130 band was extremely strong and only very rough 
estimations of the heights of the bands near it were possible, (hie 
weaker bands in the S0-170 region are more easily distinguished for 
certain polarizations of the single crystal where the 130 band is much 
reduced in intensity (see pp. 356 - 359))
Two components are just distinguishable for the IR bands 1614 and 
1585, and 1319 and 1311. A very wide and strong absorption occurred 
between about 144 and 230.
A4.6(d) Potassium, oxalate monohydrate
A4♦6(d)2 Assignments
Assignment of observed bands of potassium oxalate monohydrate
IR Raman Assignment 02^ numbering
3405 (l)sh v „(0-H) B„ of water 
A g
3365 (vs)j v (0-H) B 'of water av u
3260 (vs)j vs(0-H) A^ of water
3253 (3) vs(0-H) Ag of water
2910 (mw) v5 + Vio = 1311 + 1604 = 2915
2742 (w) Vi + v5 = 1446 + 1311 = 2757
2566 (ew) (See text)
2518 (vw) 2v2 + v6 = 2(876) + 771 = 2523
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IR Raman Assignmentnumbering
2472 (vw) vs + v2 = 1614 + 876 = 2490
2378 (vw) vi0 + Vg -  1607 + 771 = 2378
2325 (1) Vi + v2 = 1446 + 881 = 2327
2291 (raw) 3v6 » 3(771) = 2313
1863 (vw) Vs +  Vxi ~ 1311 + 555 = 1866
1758 (2) 2v2 = 2(881) = 1762
1607 (4)j “
v10*
1602 (10)j
1614 (s)j "
vB*1585 (vs)j _
1446 (100) • V i
1424 (?)sh vn + v2 = 555 + 876 = 1431
1406 (raw) v2 + Vg = 881 + 527 = 1408
1319 (ms)j "
1311 (s)j .
1067 (ew)
771 (ms)
716 (raw)
614 (m)
1348 (3)
994 (1) 
881 (42)j 
876 (34)j
724 (l)b
628 (l)b
v2 + v3 = 881 + 472 = 1353
v5
Vg + Vn = 527 + 555 = 1082 
2v3 = 2(472) = 944
v2
V6
Rn (H20)
R2(h20)
555 (5)
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IR Raman Assignmentnumbering
527 (ms) Vg
472 (35) V3
405 (1) v2 - vs = 876 - 472 = 404
356 tew) V2 -  Vg = 881 - 527 = 354
347 (m) V I 2
332 (<.5) v7
(210)** 210 (1) Tx(K+)
(190)** t2(k+)
150-222(vs)
(160)** t3Ck+)
160 (?)sh R1(0X)
146 (?)sh T-^ KzO)
141 (12)sh t2(h2o)
133 (?)sh R2(0X)
130 (m) Vif
128 (99)j Rj (OX)
(115)** Tl(K+) - Rs(0X) = 210 - 98 = 112
115 (30)j R4(0X)
106 (31)j t3(h20)
98 (?)sh R5(0X)
96 (w) t2(k+) - Rs(0X) = 190 - 98 = 92
79 (24) R 6(0X)
(56)** T2(0X)
k
See text, p.380 and p.282
kk Peak positions of Fukushima.
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The symmetric and antisymmetric stretching vibrations of water agree 
with the predictions from factor group analysis, i.e. for each, one 
component was observed in the IR and the second in the Raman. (The 
broadness of these bands, however, was such that many components could 
have been unresolved in them.) The HOH angle deformation is not readily 
assigned. Two components could be resolved for the IR band, 1585 and 
1614, and the Raman band, 1602. and 1607. Factor group analysis shows 
that oxalate fundamentals are predicted to have two components, both of 
which are Raman active or both of which are IR active, so the two 
resolved components could be explained as factor group splitting. If 
this assignment is made then the HOH deformation is unassigned. Two 
components were assigned to the oxalate ion for these two bands in the 
case of the anhydrous potassium oxalate, but the general appearance of 
the spectra of the anhydrous compound compared with that of the mono­
hydrate shows that crystal forces are considerably different, so this 
does not necessarily indicate that the same sort of assignment can be 
made for the two compounds. An alternate assignment for the monohydrate 
is to assign the weaker Raman component to water and only the stronger 
component to Vi0« Similarly, the IR component at 1614 could be assigned 
to water and the 1585 component to v8. Water bands are usually weak in 
the Raman spectrum so the weaker Raman component seems the better choice 
to assign to the water vibration. Which band should be assigned to water 
of the IR components seems arbitrary. The observation of a band at 1585 
in the case of the monodeuterate suggests that the 1585 band of the 
monohydrate may be the better choice for the oxalate fundamental (see 
p.286). Comparison with the anhydrous compound enabled two of the water 
librations to be identified at 716 and 614 in the IR and at 724 and 628 
in the Raman.
Assignments over 300 cm 1
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All of the other bands could not be assigned to oxalate ion 
fundamentals, first overtines or binary combinations. The IR band at 2291 
was assigned to 3v6 = 3(771) = 2313. The first overtone of 771 was not 
observed in the Raman spectrum, but it is well known that IR spectra 
usually show many more non-fundamental bands than Raman spectra, (206) 30 
this may be a case where the first overtone was too weak to be observed 
in the Raman spectra, but the second overtone is observed in the IR 
spectrum. The 2518 band was assigned to 2y2 + v6 = 2(876) + 771 = 2523. 
Hie Raman band at 405 was assigned to the difference mode, v2 - v3 =
876 - 472 = 404. This assignment is supported by the observation of tire 
combination band v2 + v3 at 1348. The IR band at 2378 is assigned to 
the combination of v!0 + \>6 - 1607 + 771 = 2378. (This assignment uses 
v10 as the band observed at 1607.) No reasonable assignment for the IR 
band at 2566 can be found. The nearest tertiary combination is 
2v9 + v8 = 2(527) + 1585 = 2639.
It is usually found that overtone and combination bands are at
slightly lower frequencies than given by twice the fundamental or tire 
sum of the two bands. It has been noticed that for totally symmetric 
vibrations in these studies on oxalates, overtones and combination bands 
usually occur very close to, or at, the values expected from twice or 
three times the fundamental or the sum of two observed bands.
Assignments below 500 cm 1
The spectrum of potassium oxalate monohydrate (and monodeuterate) is 
much richer below 220 than tire spectra of sodium and lithium oxalate.
This is accounted for by the presence of the potassium ion translations
at 210, 190 and 160, and tire presence of water translations. The
difference between the Raman spectrum of anhydrous potassium oxalate and 
the monohydrate is very striking in the region 115-150; for the anhydrous
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compound only two relatively weak bands are seen at 132 and 137, whereas 
for the monohydrate the very strong 128 band dominates a group of several 
overlapping bands. Part of the differences can be attributed to the 
water translations, assigned to the 141 and 147 bands.
Hie 115 IR band, observed by Fukushima, but not clearly found in 
this study, may possibly be accounted for as the difference band,
T1 (K+) - R5(OX) = 210 - 98 = 112. Similarly, the 96 IR band observed in 
this study may possibly be accounted for as the difference band,
(R+) - R^ (0X) = 190 - 98 = 92. However, in neither case has the 
corresponding summation band been observed. An alternative assignment 
for the two bands could be as difference bands of the water librations: 
724 - 614 = 110 and 716 - 628 = 88. The predicted positions are further 
from the observed positions, but the water librationai bands are broad, 
especially the Raman bands, so the difference in frequency may be 
acceptable. Again, the corresponding summation bands have not been 
observed. However, they could be lost among the stronger absorptions 
that occur in that region.
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A4.6(e)l Description of spectra
Complete deuteration was not achieved. A broad moderate intensity 
band was observed in the IR spectrum at about 3280. It is somewhat 
differently shaped from the absorption in this region for the monohydrate, 
notably a second component of the band is not apparent at about 3360, 
although the band is asymmetric. Hie band at 2454 has an asymmetric 
outline and possibly a shoulder at about 2370. Hie band at 1585 is much 
broader than the band observed in this region for the monohydrate, but it 
does not seem to be composed of two overlapping components. Traces of 
the water librational bands were visible at about 716 and 614. The 
region 1250-800 is characteristically free of absorption, for all but the 
thickest samples, for the monohydrate, but the monodeuterate has a very 
wide, shallow absorption centred at about 1065. No bands assignable to 
water were observed in the Raman spectrum.
The two components of the Raman band, 879 and 874, were resolved 
when narrow slits were used. It was just possible to distinguish two 
conponents in the IR bands at 1316 and 1310, and 771 and 767 in some of 
the spectra.
A4.6(e) Potassium oxalate monodeuterate
A4.6(e)2 Assignments
Assignment of observed bands for potassium oxalate monodeuterate
IR Raman Assignment 
02^ numbering
3075 (w) V i +V2+v 6-1446+ 874+767=3087  or 
v5+ 2v 2 = 1316 + 2(879) = 3074
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IR Raman Assignmentnumbering
3035 (w) 
2904 (nw) 
2738 (w)
2454 (s) 
?2370 sh
1860 (w)
1585 (vs)
1406 (mw)
1316 (vs)j 
1310 (vs) j 
1224 (m) 
1065 (mw)b
771 (s)j 
767 (s)j
529 (s)
2462 (2)
2402 (6)
1759 (2) 
1606 (25)
1446 (100) 
1435 (2)sh
1350 (2)
879 (48)j 
874 (48)j
557 (5)
468 (23)
1446 + 1585 = 3031 
1313 + 1606 = 2919 
1313 + 1446 = 2759
1313 + 557 = 1870 
2(879) = 1758
V l  +  V  8 
Vs + Vio 
VS +  V l
v (L\0) a - -  -
v’a (DgO) 
v (D20)S '
vs(D20)
Vg + V 11
2v2 
V i 0 
Ve 
Vi
v2 + Vl1 
V9 + v2 
v 2 + v 3
V5
6(D20)
Vg + Vn = 529 + 557 - 1086 
v2
v6
V n
Vg
V3
879 + 557 = 1436
529 + 879 = 1408
879 + 468 = 1347
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IR Raman Assignmentnumbering
452 (m) 453 (2)sh R1 (D20) ,
344 (w) Vi 2
(215)* T1(K+)
(195)* T2(K+)
(165)* t3(k+)
?156 (ew)sh
?147 (ew)sh T-,(D20)
140 (6)sh T2(D20)
134 (20)sh R2(0X)
125 (116)j r3(0X)
(125)* Vu
112 (40)j R (OX)
*T
105 (34)j T3(D20)
(93)* T1(D20)-T2(QX) =  147 - 54 =  93
91 (3)sh R5(ox)
77 (25) Rg (ox)
(54)* t2(0X)
— 1In the present study the IR spectrum was not recorded below 300 cm ; 
the values shown above are taken from Fukushima. (127) .
Assignments over 300 cm-1
The two weak, broad Raman bands at 2462 and 2402, approximately, 
were assigned to the antisymmetric and symmetric stretching vibrations 
of D20. The IR band at 2454 is probably due to the antisymmetric 
stretching vibration with the symmetric stretching vibration nearly lost 
in it and probably just discemable as the shoulder at about 2370. The
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HOD molecules may also contribute to these stretching vibrations. A 
fairly sharp, moderate intensity band at 1224 was assigned to the DOD 
angle deformation. Absorption due to the HOD angle deformation is either 
not observable or it may be represented by a very weak shoulder on the 
broad 1585 band, at about 1480. This apparent shoulder may be entirely 
due to incomplete cancellation of water vapour rotational components in 
the two beams. The 'new' IR band at 452 and the ’new' Raman band at 453 
were assigned to a libration of the D20 molecule. Other librationai 
modes were not found. The neutron scattering study of Prask and 
Boutin enabled them to assign, the three librationai modes of D20 to 
bands at 505, 450 and 370. Fukushima assigned the three bands to IR^6) 
absorptions at 505, 432 and 358. Careful inspection of the spectra 
obtained in this study did not reveal Raman peaks at about 505 and 360
that seemed significantly above the noise level. No IR peak could be
distinguished at about 360-370. It is possible strong bands at 529 and 
452 may have masked the presence of a librationai band at about 505 cm 1.
Oxalate ion fundamentals were little affected by the deuteration, 
as would be expected. Many of the same non-fundamental vibrations could 
also be observed and these will not be described again (see p283 ). The 
assignment of the weak band at 3075 is doubtful. It could be
2v2 + v5 = 2(879) + 1316 = 3074 or Vl + v2 + v6 = 1446 + 874 + 767 =
3087.
As previously noted, the IR region about 1065 looks different for
the monohydrate and the monodeuterate. Whilst this may be connected
with the presence of D20, rather than 1I20, it could also be assigned to
the same combination v9 + vu as the much weaker 1065 band of the
monohydrate. No assignment of the 1067 band to D20, inter- or intra-
C1molecular vibrations is apparent, although Fukushima concluded that
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a D20 libration occurred as part o£ the band he observed at 505. He 
stated that this band was not shifted by deuteration, but the frequencies 
given were 524 for the monohydrate and 505 for the monodeuterate.
f f os')
Another of his papers * considered the effects of cooling on the 
spectrum of the monohydrate, and it was found that the 524 band did not 
change in frequency but the 624 band was shifted to a higher frequency 
on cooling. He attributed this to no change in the degree of hindering 
about the rotational axis associated with the 524 absorption. One of 
the generally accepted temperature effects is that intramolecular
vibrations are little affected, but intermolecular vibrations show a 
considerable shift in frequency. Thus it seems more probably that the 
527-529 band is entirely due to an oxalate fundamental in both the 
monohydrate and the monodeuterate, and so the 1067 band of the 
monodeuterate cannot be assigned as the first overtone of a water 
libration.
Assignments below 500 cm 1
The region below 300 can be assigned in a very similar way to the 
same region for the monohydrate. The 215, 195 and 165 bands, assigned 
to the potassium ion translations, occur at 5 cm 1 higher frequency for 
the monodeuterate compared with the monohydrate. The D20 translations are 
assigned to the Raman bands at 147, 140 and 105. These are at the same 
positions as the bands assigned to H20 translations, within experimental 
errors. If the crystal forces are assumed to be the same, so that the 
observed frequency differences depend only on the square root of the 
inverse of the masses, then it is predicted that the D20 translations will
occur at about 6-7 cm 1 to lower frequency of the H20 translations. Most
\
of the low frequency bands of the monohydrate and the monodeuterate are
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observed at similar, but not identical frequencies, and experimental 
errors can also have a relatively large effect, so it is considered 
that the assignment of the H20 and D20 translations to bands at about 
the same frequency is not invalidated. Bands have been assigned to a 
particular vibration, whereas most observed bands involve changes in 
more than one symmetry coordinate, and slight differences in the degrees 
of mixing change observed positions.
The IR 93 band can probably be assigned to the difference mode,
T. (D20) - T2(0X) = 147 - 54 = 93. The corresponding summation band has 
not been observed, but it would be expected to occur at about the same 
position as the band assigned to T? (K ) and so may have become lost 
beneath the other band.
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A4.6 ( f) 1 Description of spectra .
The spectra of ammonium oxalate monohydrate are more complicated 
than the other neutral oxalates studied. The IR and Raman spectra show
a series of bands between 2860 and 3232. The bands are broad and overlap
considerably, so their exact positions and intensities can be measured . 
only approximately.
The IR spectrum between 1423 and 1465 shows a strong absorption, 
which was sufficiently resolved to show it to be composed of three bands. 
The Raman spectrum also shows three bands, between 1430 and 1475.
Factor group splitting probably accounts for the shoulder barely visible 
on the 1309 IR band. The corresponding 1314 Raman band is relatively 
broad. The 865 IR band is extremely weak but reproduceable, and
corresponds to the 868 Raman band.
The general impression of the ammonium oxalate monohydrate spectra 
is not only that they are more complicated than, for example, the 
potassium oxalate spectra, but the non-fundamental bands are more intense 
and a number of IR and Raman coincidences occur.
A4.6(f)2 Assignments
Assignment of observed bands of ammonium oxalate monohydrate
Assignment
IR Raman D„, numbering for oxalate,
Z Td for NIh+ ions
3232 (12]j
v and vs of H20 
3210 (s)j a
A4.6(f) Ammonium oxalate monohydrate ,
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IR Raman
Assignment 
D„, mmibering for oxalate, 
m  Td for NH4+ ions
3172 (10)sh v2(NHIy+)+Vit (NHi*+) = 1698+1475=3173
3055 (s)j 3040 (?)sh '
2990 (s)j 3009
2894
(31) j 
(20) j
Vi
•j*and V3 of NHif
2860 Cs) 2864 (?)sh _
2340 (vw) Vi + v2 = 1447 + 894 = 2342
2168 (2)b Vs ■+ v2 = 1314 + 868 = 2182
2149 (mw) Vs + v* = 1290 + 868 = 2158
1920 (w)sh v 1 x + v5 = 641 + 1290 = 1931 or
v9 + vs = 638 + 1290 = 1928
1896 (m) 1901 (8)b vlt(Ml4+)+R1 (NH1»+) = 1465+439=1904
1738 (ew) 1744 (5)3 V2 + v2 = 894 + 865 = 1759
1726 (4)j 2v2 = 2(865) = 1730
1699 (w) 1698 (10) v2 of NfV
1649 (vw) v6 + v2 = 803 + 865 = 1668
1608 (5) V io
1595 (S) 1595 (?)sh V 8
1465 (ms)j 1475 (50) j of NHt,+
1448 (ms)j 1449
1430
(100)j
(?)sh
Vi
1423 0 0 j R1 (H20,IR)+R1 (H20, Raman) =
723 + 727 = 1450 or
V u  + v6 = 803 + 641 = 1444
1385 (l)sh,b v2 + v3 = 894 + 489 = 1383
1309 Cs) j 
1290 (ms)j
1314 (8) '
Vs
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IR Raman D2h
Assignment 
numbering for oxalate 
for NH1|+ ions
865 few)sh
894
368
(41)j ' 
C7)j .
v2
803 (m)
816 (3) ~
Vs
723 (m) . 727 (1) \ C H z O )
641 (6) Vn
638 (m) v9
489 (36) V 3
445 (w)sh
439 (18)
R1(NH1(+)
420 (m) 421 (<D R^nh/ j
?225 (w) T1(MH,+)
210-256(s)
(212)* 207 (65) t2(nh./)
134 (21)sh t3(nh,+)
177 (10)sh R1(0X)
154 (31) Tx(H20)
135 (62) r2(0X)
122 (31)sh t2(h20)
104 (w) v*
99 (269)j R 5 (OX)
82 (685)j R6(0X)
72 (w)
73 (250)
Tx(0X)
Peak position recorded by Lorenzelli, Gesmundo and Randi.
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Factor group analysis indicates that, under D^ , the totally 
symmetric stretching vibration of the water molecule will have one 
component, A, that is Raman active and a second component, B-^, that is 
IR and Raman active. Both components of the antisymmetric stretching 
vibration can be IR and Raman active. The IR spectrum has a band centred 
about 3210 and the Raman spectrum has a band about 3232 that can be 
associated with the water stretching vibrations. These bands are 
indistinct and extensively overlapped by the NH stretch region, so a 
more detailed assignment is not possible. The HOH angle deformation 
is assumed to be ’lost’ beneath the very strong oxalate fundamental at 
1595, unless it gives rise to tire very weak IR shoulder at 1649. This 
seems to be weakened by dehydration (however, see the description of the 
anhydrous compound). The 723 IR band and the 727 Raman band can be 
assigned to a librationai mode of water.
The group of bands between 2860 and 3055 can be assigned to Vi and
v3 of the NIR' ion. The NHi++ ions are at sites, so that Vi, the A^
vibration of tire isolated ion, has three IR active and four Raman active
components under the D2 factor group. (The E type vibration will have
twice, and the F2 vibrations three times, the number of components.) The
complexity of tire bands between 2860 and 3172 does not permit a clear
cut assignment to be attempted. The ill-defined 3172 Raman shoulder is
probably due to a combination of and v2 of the NH4+ ion, i.e.
Vt, + v2 = 1475 + 1698 = 3173. The positions of v2 and of the NHi»+ ion
were deduced by sodium and potassium oxalate, and the assignments made
in other studies of solids containing the NH4+ ionP^ A librationai
mode of the NH^  ion probably accounts for the 439 Raman band the the 445
+IR band, and a second NHi* libration may account for the 420 IR and 421 
Raman bands. Usually the only moderate intensity Raman band found between
Assignments over 300 an 1
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400 and 500 cm 1 can be assigned to the v3 totally symmetric oxalate 
deformation. However, for ammonium oxalate monohydrate (and the anhydrous 
form) two moderately intense bands are found. The higher frequency 489 
band is assigned to v3 of the oxalate ion. This can be compared with 482 
in the case of sodium oxalate and 465-472 for the three potassium oxalates.
These assignments differ somewhat from those of Foumel and
fl29) _Vergnoux. They studied the iR reflection spectrum only. They
assigned all of their observed bands between 1414 and 1468 to v<* of the
NH4 ion. Factor group analysis indicates that the Vi totally symmetric
vibration of the oxalate ion can be IR active. The Vi oxalate band can
be readily assigned to the 1447 very strong Raman band and the 1448 IR
band to the IR active component of it. The Raman 1430 shoulder is also
assigned to the vx oxalate fundamental (although this assignment is less
certain, as it assumes the latter are factor group components split by
about 17 cm 1. The overlapping of bands makes the exact positions and
intensities doubtful). Factor group analysis shows only one component of
Vi can be IR active so the 1423 IR band is assigned to a combination.
Foumel and Vergnoux assigned the 443-455 bands to the v3, symmetric
CC>2 deformation. It is more likely that the 489 Raman band is due to
v3 of the oxalate ion and the 439 (Raman) - 445 (IR) band is due to an
4*NHit ion libration. Their 415 reflection band probably corresponds to 
the 420 IR absorption and 421 Raman band observed in this study, and 
could be due to another NH4+ libration.
Some of the oxalate fundamental vibrations appeared in both the IR 
and Raman spectrum, as would be expected from tire factor group analysis. 
The IR band at 1309, with a shoulder about 1290, and the 1314 Raman band 
are assigned to v5. The Raman bands at 894 and 868, and the 865 IR band 
are assigned to v2, although 29 cm 1 may be rather large for a factor ■ 
group splitting. An alternative explanation for the 865-868 bands is
- 300 -
that they are due to overtones and/or combinations of the components of 
the 439-445 NHi* libration. The assignments mentioned previously, of the 
1430 Raman band to vi, of the oxalate ion, as well as the 1448 band, could 
have the alternative explanation that the 1430 band is due to overtones 
and/or combinations of the 723-727 water libration band components.
Most of the weaker bands can be assigned to first overtone or binary 
combinations of oxalate ion fundamentals . The 3172 band has been assigned
+  4-to tire combination v2(NH4 ) + vi*(NHu ). From its position it could be an 
overtone of v8, 2vs = 2(1595) = 3190, but the assignment to a combination 
of ammonium ion fundamentals seems more likely. The 1896 IR and 1901 
Raman bands are assigned to v4(NHt/r) + R(NHi^ ) = 1465 + 439 = 1904.
The 1920 band can be assigned to Vn + v5 = 641 + 1290 = 1931 and/or 
to Vg + Vs - 638 + 1290 = 1928. The factor group symmetry is such that 
only odd overtones and combination (or difference) bonds of A with A 
symmetry are IR forbidden. The fundamentals v5, v9 and Vn contain 
components with symmetry other than A, so either combination can give 
rise to an IR active band. The choice of v9 and Vu as the 658 IR and 
641 Raman bands, respectively, is arbitrary for a similar reason. Under 
symmetry v9 has B2u symmetry and vu has B~g symmetry. v9 correlates 
to and B2, and Vn correlates to A and B^  under the D2 factor group. 
Consequently both v9 and Vn become IR and Raman active. Since they are 
composed of different symmetry species they can coincide, and it may be 
more correct to assign the 638 IR band and the 641 Raman band together as 
v9 and Vii.
Assignments below 300 cm"1
The region below 300 cm 1 for ammonium oxalate monohydrate shows 
many less bands than were expected. The assignment shown in the table
- 301 -
was based on that made for potassium oxalate, and so is very tentative. 
Factor group analysis (see Appendix 7 ) indicates that five of the six 
oxalate ion librations should be IR and Raman active, but only one of the 
four assigned was observed in the IR. Even if the assignments are 
incorrect, a similar high proportion of bands would be expected to be 
IR and Raman active, so obviously activity cannot be used as an aid to 
assignment.
The assignment of the 225, 207 and 194 Raman bands to NHt»+ ion 
translations is supported by strong IR absorption in much of this region 
and by Raman scattering occurring in this region for anhydrous ammonium 
oxalate.
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A4.6(g)l Description of spectra
Dehydration leads to some simplification of the spectra. The highest 
frequency IR and Raman peaks, over 3200, were found to have disappeared. 
The very weak shoulder observed at 164S in the IR spectrum of the 
monohydrate probably corresponds to the very weak shoulder at 1652 in the 
IR and 1653 in the Raman spectrum of the anhydrous compound. The bands 
next to the 1653 Raman peak tend to obscure it, and this also applies to 
the 1650-1655 region of the Raman spectrum of the monohydrate. However, 
the 1653 Raman peak of the anhydrous compound is sufficiently intense to 
be clearly visible, whilst any scattering at this position for the mono­
hydrate is lost between the adjacent peaks. Thus, although the IR 1652 
monohydrate absorption seems to be weakened in the anhydrous compound, 
the Raman scattering is more pronounced, and it seems unlikely that these 
bands can be assigned to water. The 723 IR band and the 727 Raman band 
of the monohydrate are not observed for the anliydrous compound.
The 803 IR band of the monohydrate was observed to be intensified, 
shifted and split in the anhydrous compound, i.e. 776 and 769. This 
change is similar to that observed when potassium oxalate is dehydrated.
A4.6 (g) 2 Assignments
Assignment of observed bands of anhydrous ammonium oxalate
Assignment
IR Raman D,, numbering for oxalate,
zn Td for NHlt+ ions
A4.6(g) Anhydrous ammonium oxalate
3160 (s)j 3185 (4)sh V2(NHt,+)+Vi*(NHl,*) =1706+1463=3169
- 303 -
IR Raman
Assignment 
D0, numbering for oxalate, 
a Td for NHit+ ions
3034 (s)j 3048 (31) "
2992
2890
(6)sh
(8)sh
Vi
4’and v 3 of NHit
2870 (s)j
2354 (vw) Vs + Vg = 1586 + 776 = 2362
2300 d)b Vl + v 2 = 1447 + 862 = 2309
2156 (mw) V2 + v5 = 879 + 1293 » 2172
2124 (2)b Vs + v5 = 861 + 1293 = 2154
1915 (mw) V 5
v5
+ Vn = 1293 + 639 = 1932 
+ v9 = 1293 + 640 = 1933
or
1880 (mw) 1886 (2)b Vi* (NH*+) +R1 (Ml*) = 1463+428 = 1891
1749 C4)j 2v2 = 2(879) = 1758
1734 (ew)sh 1732 C4)j V2 + vs » 879 + 861 = 1740
1701 (m) 1706 C6)j v2 of NHi* +
1652 (vw) sh 1653 (2) v2 + v6 = 879 + 776 = 1655
1623 (5) V 2 + vs = 862 + 769 = 1631
1597
1577
(6) - 
(21) _ Vl o
1586 (vs) V 8
1461 (w) 1463 (44) j Vl» of NH4+
1439 (s)
1447
1438
(100) j 
(?)sh
Vl
1410 00 V 6
V6
+ v9 = 776 + 640 = 1416 
+ V n  = 776 + 639 = 1415
or
1398 (w) 1398 (4)sh Ve
V 6
+ v9 = 769 + 640 = 1409 
+ V n  = 769 + 639 = 1408
or
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IR Raman
Assignment 
D?h numbering for oxalate, 
for NHi,+ ions
1310 (ms)j 1313 (12) -
1293 (s)j
879 (80) '
v5
861 (vw) 862 (6)sh .
V o
776 (ms)j'
769 (s)j _
V S
640 (m) v9
639 (9) Vii
478 C19)j v3
428 (mw)
434 (29)j "
R1(NH4+)
404 (3) sh R,(NH*+) oru
V o  - v3 = 879 “ 478 = 401
337 (6) v?
215 (24)* t2(nh +^)
189 (45) T3(NH,+)
170 (37) Rx(0X)
137 (71) R2(0X)
109 (74) r4(0X)
103 (137) Rs(0X)
. 82 (588) R6(0X)
The IR spectrum was not recorded below 300 cm"1, and no data 
is available in the literature.
Most of the assignments of the anhydrous compound agree closely 
with those of ammonium oxalate monohydrate. The structure of anhydrous 
ammonium oxalate is not known, but from the very close similarity of its 
spectrum to that of the monohydrate it seems likely that the oxalate ion 
is nonplanar and a centre of symmetry is not an element of the site or 
factor group.
As previously, the IR and Raman group of bands between 2870 and
+3048 can be assigned to Vi and v3 of the NH4 ion. The band about
4* 4­3160-3185 is assigned to a combination of v2 (NHi* j + v^ CNHi* ) = 1706 +
1463 = 3169, The band position and intensity is doubtful, due to the
• 4*extensive overlapping with the Vi and NHt, bands. The appearance of 
a band about 3160 in the anhydrous spectrum confirms that it is not an 
overtone of the HOH deformation.
As discussed previously for ammonium oxalate monohydrate, the 
assignment of v9 to the 640 IR band and Vn to the 639 Raman band is 
arbitrary (i.e. assuming the factor group symmetry has a similar effect 
here as in the case of the monohydrate) , The IR band at 1915 could be 
assigned to v5 + vn or V5 + v9 or both of them. The IR bands at 1410 
and the IR and Raman bands at 1398 can be assigned as combinations of 
v6 with V9 and/or Vn- For the 1410 band the v6 component at 776 needs 
to be involved, and for the 1398 band the \>6 component at 769. An 
alternative assignment, that v9 and Vn are both excited with the 769 
component of vG and Dennison resonance,gives rise to the observed bands 
at 1398 and 1410 may not be possible for symmetry reasons if the factor 
and site groups of the anhydrous compound are the same as that of the 
monohydrate. In that case ve correlates to and B2, v9 to B^  and B2 
and v11 to A and Bg. It is not possible to decide which of the
- 305 -
Assignments over 300 cm 1
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v6 components has and B2 symmetry. Under the D2 factor group, and 
the C2 site symmetry, both should be IR and Raman active, but they are 
observed in the IR spectrum only. The B^  component of v6 in combination 
with v9 gives rise to A and B., and In combination with Vn gives rise to 
B-^ and B2> The B9 component of v6 in combination with v9 gives rise to 
A and B^  and in combination with vxl to and B2< Thus the four 
combination bands, whichever component of vs is observed as the 769 band, 
give rise to bands of four different symmetries and so interaction will 
not take place. If the factor group and site groups of the anhydrous 
compound are different from those of rhe monohydrate then these objections 
to Dennison resonance may no longer exist.
There are various possible assignments for the Raman band at 404, 
none of which seem very acceptable. The difference v2 - v3 = 879 - 478 
= 401 is closer in frequency to the observed band, but the combination 
band v2 + v3 has not been observed. The region, about 1340-1355, where 
the V2 + v3 combination would be expected to occur, is between two stronger 
bands, and it is not clear whether the scattering is due to the wings of 
these bands (and noise) or whether another weaker band could be 
contributing. The lattice modes at 215 and 189 could give rise to a 
combination band at about 404, 215 + 189 =404, or V7 could combine with 
the extremely strong lattice mode at 82, 337 + 82 = 419. It could also be 
a second librational mode of the ammonium ion.
Assignment of bands below 500 cm" 1
Only Raman data is available in this region. The structure of the 
compound will affect the positions of the Raman scattering, but the absence 
of bands about 154 and 122 tends to support the assignment of these two 
bands to water translations for ammonium oxalate monohydrate.
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.Raman spectrum powdered calcium oxalate monohydrate.
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A4.6(h)l Description of spectra
Five IR bands were observed in the region between 3000 and 
3500 cm 1. None of them are as strong as the 3260 and 3365 bands of 
potassium oxalate monohydrate, and the 3258 band is weaker than the other 
four bands. These five bands could also be detected in the Raman spectrum, 
where they are all very weak. Two weak IR bands at 947 and 883 were 
observed at 939 and 885 in the Raman spectrum. A weak Raman band at 592 
coincided with a weak IR band (but see later).
Moderately weak IR absorption was found in the region from about 
1400 to 1350 where it became joined into the strong 1317 band. The
absorption probably consists of two bands as it was just possible to
detect two maxima when a thick mull was used. A very weak peak can 
sometimes be detected at 417, but it is difficult to decide if it is 
assignable to calcium oxalate monohydrate.
When the Raman spectrum of calcium oxalate monohydrate is compared 
with the spectra of sodium and potassium oxalates, a doubling of some of 
the most intense bands is apparent. This is also found in the IR spectrum 
of calcium oxalate monohydrate, but it is not so visually prominent as in 
the Raman spectrum. A group of three moderate intensity Raman bands were
observed at 224, 209 and 194 cm 1. There may be a shoulder on the low
frequency side at about 182 and at about 240 before the weak band at 250.
A4.6(h) Calcium oxalate monohydrate
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A4.6(h)2 Assignment of bands
Assignment of observed bands of calcium oxalate monohydrate
IR Raman Assignmentnumbering
3488 (m)j 3486 (1) ~
3430 (m)j 3426 (1)
3338 (m)j 3342 (<.5) Water bands
3258 (mw)) 3250 (<•5)
3057 (®) j 3062 a) _
2285 (vw) Vi” + v2" =
1728 (2) 2 v 2”  =
1650 (vs)j 1650 CD 6 (HOH)
1630 (21) V 1 o
1622 (vs)j V8
1491 (61) j Vi1
1463 (100)j Vi"
1397 (4) Vu + v2’ =
1382 (mw) j V2 ’ + Vg =
1365 (nw)j V2"  + V9 = 
V2"  + V 3 1 = 
v2" + V 3"  =
1317 (s) V 5
947 (w)
939 (5)
Y  (H20)
895 (30) v2 ’
883 (w) 885 (l)sh R1"(H20)
862 (ew)sh 864(S)sh V2”
781 (ms) 779 CD v6
1463 + 862 = 2325 
2(864) = 1728
517 + 895 = 1412
895 + 516 = 1411
864 + 516 = 1380 or
862 + 517 = 1379 or
862 + 499 = 1361
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IR Raman Assignmentnumbering
663 (m) V ( H 20)
u
592 (w) p ? ? ru 2 2 '
592 (7) V n
517 (10) v3f -
516 (m) v9
499 (20) Vs”
470 (1) T1(H20)+T2(H20) » 250+224 = 474
422 (1) T1(Ca2")+T2(H20) = 209+224 = 433
?417 (ew) (Ca2*)+TX(Ca2+)=215+209=424
340 (2) V 7
234-334(vs) 
(274)* R5(0X)+T1(H20) = 94 + 184 = 278
268 (1) T3(Ca2+) + R5(0X) = 169+99 = 268
250 (8) tx(h20)
(7240) sh R5(0X) + = 99 + 144 = 243
224 (26)j T2(H20)
(7215) 209 (34) j (Ca2+)
(7196) 194 (38)j T2(Ca2+) '
184 (m)
(7182) sh
T^H.O)
169 (s) T3(Ca2+)
144 (w) 141 (79) v*
99 (w) 94 (10) Rs(0X)
77 (17) R6(0X)
(770) Ip (OX)
fiosnPeak position taken from Lorenzelli, Gesmundo and Randi. J
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The doubling of many bands can be accounted for by the presence of 
oxalate ions at too distinct sets of sites. Similarly the water 
molecules occupy two distinct sets of sites. Factor group analysis 
indicates that since the site symmetries of the oxalate ions, the water 
molecules and the calcium ions are ail Cb , with accommodation numbers of 
four for each set of sites, for each band of an isolated species four 
components are possible, two IR and two Raman active. This will apply to 
the molecules and ions at both sets of sites. Whilst the band splitting 
arising from factor group splitting effects is expected to be small, and 
possibly not detected, the environmental differences at the sets of sites 
is expected to cause a far larger difference in frequency. It is this 
latter effect that causes the observed doubling of many of the bands. 
Also, whereas the four components of a particular band are all of 
different symmetry species, the symmetry of the four components of the 
species at the first set of sites will be the same as the symmetry of the 
components of the species at the second set of sites. This would be 
expected to lead to interaction and repulsion of the energy levels, so 
the observed differences in frequency not only reflects the environmental 
differences but includes a contribution from repulsion effects, hie 
repulsion effects can also affect the intensities, and the relative 
intensities for the bands at the two sets of sites have been observed to 
differ considerably.
Five bands were observed in the IR and Raman spectrum over 3000.
Four bands are expected to arise from the symmetric and antisymmetric 
stretching vibrations of the water molecules at the two sets of sites.
It seems likely that the weakest band at 3258 is not a fundamental. The 
observed frequencies of the five IR bands are very similar to those of 
the five Raman bands. Since the factor group is C2h they would not be
Assignment over about 300 cm 1
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deformation, it would be expected to have its first overtone a little
below 3300. The mean value of the frequencies of the 3342 and 3250
Raman bands is 3296. Thus, Fermi resonance seems a satisfactory
explanation for the position and intensity of the band observed at 3250.
However, since the factor group symmetry is the IR band cannot be
explained as an enhanced overtone. It can be explained as a combination
band of a geraae with an ungerade combination band and be in resonance
with the same ungerade species of the 'water stretching fundamental. In
the same way the Raman band need, not be due to resonance between the
overtone and the A component of the 3342 Raman band, but it could be
between a combination of the A and the B . and the A and B componentsu u* g g
of the 1650 fundamental with the Bq. component of time band observed at 
3342. (Hie above explanation of the appearance of five bands seems more 
acceptable than that the IR 3057 band is a combination of 1463 + 1622 
and the 3062 Raman band a combination of 1463 + 1630. However, the 
position at 3057 and 3062 is lower than has been observed for water 
stretching vibrations of other oxalates and also it is well removed from 
the other stretching frequencies (see also p. 255)*
Hie IR bands at 947 and 883, and the corresponding Raman bands at
939 and 885, are at a higher frequency than would be expected for the
highest frequency water librational mode when comparison is made with the
714 band of potassium oxalate monohydrate. Hie assignment has been
confirmed by their disappearance on dehydration (see p.319). Also,
(132)Fig. 6 in the paper by Hesse et al indicates that these two bands
are shifted by deuteration and probably account for the band about 650 
in the deuterate. Hie second librational frequency of water was 
identified, in a similar way, as the IR bands at 663 and 592. The 
corresponding Raman bands could not be found. The 592 Raman band did not
expected to be coincident. If the 1650 band is assigned to the water
- 315 -
disappear on dehydration; however, it may have contained a contribution 
from the water libration.
The Raman spectrum in the region 860-950 is complicated by the 
presence of two v2 bands, one for each of the sets of sites, and the 939 
and 885 water bands discussed above. Tne v2 Raman bands have been 
observed to be strong narrow peaks for other oxalates, so the width of 
the 939 band hints that it is not due to v2. Hie 885 band is a shoulder 
and largely obscured by the 895 v2 band. It has been observed that when 
v2 is allowed in the IR it is usually very weak and very shaip. The 947 
and 883 IR bands were wider than would be expected if they were due to 
v2. The extremely weak IR shoulder at 862 is probably assignable to v2.
The shape and separation of the Raman peaks at 499 and 517 suggests 
tliat they are due to the same vibrational mode, v3, at the two sets of 
sites. The vu fundamental is assigned to the Raman band at 592. Although 
this is coincident with the IR band at 592, it cannot be assigned in the 
same way. Hie 592 IR band disappears on dehydration, but the Raman band 
is little changed. It is possible that the water libration could 
contribute to a small extent to the observed intensity. Also, Vn is not 
forbidden in the IR but probably makes little or no contribution to the 
IR band at 592.
Most of the non-fundamental vibrations are not readily assigned.
The most likely assignment for the 2285 IR band is the combination, Vi" 
(Raman) + v2"(IR) = 1463 + 862 = 2325. Hiis assignment needs a lowering 
of frequency by 40 cm 1 by anharmonicity, which is far in excess of that 
needed for other oxalates when the v2 + V3 combination has been assigned. 
The assignment of the 1728 Raman band to 2v2 = 2(864) = 1728 is not 
unreasonable, as the overtones of totally symmetric oxalate vibrations 
usually seem to occur very close to twice the frequency of the fundamental 
vibration.
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There are three possible suggestions to account for the 1382 band, 
none of which are very satisfactory. Hie combination v2" + v9 = 864 +
516 = 1380 gives a frequency that is rather low. Hie combination of 
v2', for the oxalate ions at the other set of sites, with v9 gives a 
frequency of 1411. A combination of v2' and v3M has the nearest 
frequency of 1394. In order for the combination to be IR active it is 
necessary to have the participation of ungerade components of v2' and/or 
v3" to combine with gerade components of the other band. However, for 
both v2’ and v3", although factor group analysis predicts the ungerade 
components will be IR active, they have not been detected.
It seems equally likely that the 1365 IR band can be explained by 
v2" (Raman) + vs = 864 + 516 = 1380 or by v2" (IR) + vn - 862 + 517 = 
1379. These are 14 arid 15 wavenumbers, respectively, above the observed 
value. A possible way of explaining both the 1382 and the 1365 IR bands 
would be to suggest that both v2" (Raman) + v9 and y.2" (IR) + v12 
combinations are excited, with the same resultant symmetry, so that 
Dennison resonance occurs. The mean value of 1365 and 1382 is 1374, 
which is about the position expected for the combinations if a few 
wavenumbers are allowed for anharmonicity.
The Raman band at 470 may possibly be explained as a combination of 
the lattice vibrations T. (H20) + T„(H20) = 250 + 224 = 474. Similarly
X h4
the 422 Raman band can be explained by the combination 209 + 224 = 433. 
The IR band at 417 is at a frequency very close to the difference 
v5 - v2 = 1317 - 895 = 422. However, the combination band Vs + v2 has 
not been observed, and generally combination bands are more intense than 
difference bands. It is also rather high to be assigned to the 
fundamental. It could be explained as a combination of the lattice modes 
169 + 250 = 419.
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Assignments below 300 cm 1
A Raman spectrum could not be obtained without the accompaniment 
of ghosts. There are probably a number of weak lattice modes between 
the recorded bands at 94 and 141 and between 141 and 165. Ghosting makes 
the position and height of the 94 peak uncertain, but it is obvious that 
the scattering in this region is not caused by ghosts alone. It is not 
possible to deduce from the spectrum if the doubling of bands is seen in 
this region also. The assignment of the bands at about 183, 224 and 250 
to water translational modes may be too high, but the water librations 
were found to be at higher frequencies than was expected from comparison 
with the spectrum of potassium oxalate monohydrate, so possibly the 
translational frequencies may also be higher than for potassium oxalate. 
If the calcium ion translations are assigned to the bands at about 169, 
195 and 212, then two of the water translational modes, v7 and Vi 2 could 
account for the stronger features of the spectra observed between 224 
and 340.
The 340 Raman band can probably be assigned to V7 .
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A4.6(i) Anhydrous calcium oxalate 
A4.6(i)l Description of spectra
Dehydration greatly simplifies the IR spectrum, but it was found 
impossible to remove the last traces of the water bands. This is 
believed to be due to experimental technique rather than mis-assignment. 
A new IR band was found at 1709. It appeared as a very weak sharp band 
at the side of the 1636 band. No band doubling was apparent in the IR 
spectrum.
Hie Raman bands showed the type of doubling observed with hydrated 
calcium oxalate, i.e. at 487 and 509, 860 and 901, and 1467 and 1480.
The lower frequency band of the two near 1473 was the weaker in this 
case, whereas for the monohydrate the lower frequency band had been the 
most intense. The water bands at 939 and 885 had disappeared completely, 
whereas the band at 592 had not changed substantially, showing the 
latter to be due mainly or wholly to the oxalate ion, “rather than a 
water libration.
It was found to be impossible to obtain a ghost free Raman spectrum 
below 200 cm 1. The three strong bands recorded at 101, 153 and 193 are 
believed to be genuine. Probably a number of weak bands were lost, 
especially in the region between the 101 and 153 bands. Because of the 
extremely fast uptake of water, no attempt was made to record the far-IR 
spectrum.
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Assignment of observed bands of anhydrous calcium oxalate
A4.6(i)2 Band assignment
IR Raman Assignmentnumbering
1724 (2.) v?.’ + v2" = 901 + 860 = 1761
1709 (vw) V'8 + R-(OX) = 1636 + 101 = 1737
1648 (23) Vio
1636 (vs) V s
1480 (100)j V : '
1467 (79)j V i "
1419 (6) v2" + vai = 860 + 595 = 1455
1392 (4) Vs ’ + v2! = 509 + 901 = 1410
1390 (vw) V g ■ + v2' = 524 + 901 = 1425
1360 (vw) sh V g + v2" = 524 + 860 = 1384 or
V 6 + Vi 1 = 787 + 595 = 1382
1320 (S) V s
901 (50) v2'
860 (5) v2"
787 (S) v6
595 (7) V11
524 Cm) V g
509 (23) v3’
487 (22) V3
392 (mw) Vl2
301 (2) V7
-280 Cm) V 6 - v3' = 787 - 509 = 278
193 (131?) T2(Ca2+)
153 (105?) \  (OX)
101 (145?) R5(0X)
Hie structure of the anhydrous calcium oxalate obtained by
dehydration is not known. Without authentic samples of the a and g
form of the anhydrous compound it is very difficult to decide the form
obtained. The majority of observed lines in the X-ray powder pattern
fl 78}could be assigned to a and g forms, but obviously not to the y-form.
It is thought more likely that the S-fcrm v;as obtained. Watelle-Marion
f 178}and Thrierr-Sorel noted that the dehydration of the monohydrate had 
the characteristics of a topotactic reaction, and it was believed that 
the structure of the monohydrate, and the a- and 6-forms of the anhydrous 
compound wrere very similar with the crystals skeleton being preserved.
The Raman spectrum supports the idea of preservation of the crystal 
skeleton, in that it looks very similar to the spectrum of the mono­
hydrate. Again some bands look doubled, i.e. 1467 and 1480, 860 and 901, 
and 487 and 509, The doubled bands probably indicate eight formula 
units in the cell and two distinct sets of sites being occupied. In the 
following assignment it is assumed that the same selection rules apply 
as in the case of the monohydrate.
The Raman band at 1724 is assigned to v2' + v2" = 901 + 860 = 1761. 
In other oxalate spectra the overtone and combination bands of totally 
symmetric vibrations indicate little anharmonicity, whereas this 
assignment requires 37 cm-1 anharmonicity. Since the observed band is 
wide and indistinct, it may be preferable to assign it to 2v2" =
2(860) =1720.
The new IR band at 1709 is not readily assigned. A combination of 
v8 IR band with the very strong Raman lattice vibration at 101, i.e.
1636 + 101 = 1737, is the only assignment that obviously accounts for 
the position and activity. The suggestion of a combination between the
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Assignment of bands above 300 cm 1
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IR bands v5 and Vi2> 1320 + 392 = 1712 requires the participation of one 
or more gerade components with one or more ungerade components so that 
the overall symmetry is ungerade. However, neither of these bands 
were observed in the Raman.
The 1390 IR band can be assigned to the combination v9 + v2' =
524 + 901 = 1425. The 1360 IR band can be assigned either to v9 + v2"
= 524 + 860 = 1384 or v6 + vlx = 787 + 595 = 1382. Conversely, as in 
the case of the monohydrate, it is possible to assign both the 1390 and 
the 1360 bands by tire excitation of the combination bands vg + v2" and 
ve + Vn to give the same resultant symmetry so that Dennison resonance 
occurs and the levels are repelled to give rise to the 1390 and 1360 
observed bands, ■
The region below 300 cm"1
The IR spectrum was not recorded because of the experimental 
difficulties of obtaining a spectrum before water could be taken up by 
the sample. No literature data was found below the 280 band recorded by 
Petrov and Soptrajanov. This is assigned to the difference band
v6 - V3' = 787 - 509 = 278. The corresponding combination band has not 
been assigned but as it would be expected to occur on the wing of the 
strong 1320 band its presence may be masked.
The Raman spectrum could not be obtained without considerable 
ghosting, but the three bands at 193, 153 and 101 invariably were stronger 
than the ghosts. Little information can be obtained from the spectrum.
The 153 and 101 bands are assigned to R^  and R^  by comparison with the 
spectra of calcium oxalate monohydrate and potassium oxalate monohydrate. 
The 193 band can be assigned to a calcium ion translation.
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B1. Introduction
Recording the spectrum of the oxalate ion in solution or as a powder 
has certain disadvantages. In solution the point group of the ion is not 
known, and although it is known for the powdered sample, the incident 
radiation is depolarised, so in both cases there are problems in 
interpreting the Raman spectrum.
Single crystal studies enable oxalate ions of a known point group to 
be aligned in particular orientations with respect to the polarization of 
the incident radiation and the collection optics. In the most favourable 
circumstances this leads to an unambiguous assignment, not only of the 
internal vibrations but also of the lattice modes.
The following account will show that for potassium oxalate 
monohydrate crystals the circumstances are far from favourable, but sane 
interesting information can still be obtained.
B. Potassium oxalate monohydrate single crystal
B2. Literature survey
B2.1 Spectroscopy
No single crystal IR or Raman studies have been found in the 
literature on potassium oxalate monohydrate, however there are accounts 
of single crystal neutron scattering spectra. Fukushima1(-^ 7) }ias 
published a normal coordinate analysis of the complete potassium oxalate 
monohydrate and monodeuterate crystals, based on IR powder results.
' (122 123)Thaper, Dasannacharys, Sequeira and Iyengar ’ showed that
the neutron scattering peak at 738 could be assigned to the twisting 
or the waving and the twisting water librations, and the 644 peak to 
the rocking libration. Their rocking libration corresponds to a 
restricted rotation about the axis perpendicular to the HOH plane 
(x axis), their twisting to rotation about the axis bisecting the HOH 
angle (z axis), and their waving to rotation about the axis perpendicular 
to the first two (y axis) (see also pd80).
(127)Fukushimav J used the GF matrix method developed by Shimanouchi,
P39)Tsuboi and Miyazawa to calculate the lattice vibrations of the 
crystal. This contrasts with the calculations of the other studies 
described previously (see the Literature Survey, Section A2, for poly­
crystalline samples), where the internal frequencies of the oxalate ion 
were calculated and no reference was made to the crystal as a whole.
Thus, Fukushima was able to calculate the internal frequencies of the 
oxalate ion and the water molecule as modified by the geometrical 
arrangement in the potassium oxalate monohydrate and monodeuterate 
crystals, and also the librational and translational frequencies of the 
crystal. Fukushima used twenty-four IR observed bands for the mono­
hydrate and twenty-two IR observed bands for the monodeuterate to 
calculate the 63 optically active vibrations associated with the 
primitive cell. Fukushima did not record any Raman data.' Some of the 
calculated frequencies agree very closely with the observed values, but 
others differ by more than 50 cm-i. Nine of the internal symmetry 
coordinates, R, do not appear as significant terms of the potential 
energy distributions. The significant terms of the potential energy 
distribution were not normalized so it is impossible to estimate the 
percentage of minor contributions. Whatever the criticisms that can be 
made, the calculations of Fukushima are undoubtedly much more realistic
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and useful than the calculations that considered the oxalate ion as an 
isolated species. (See pp.371-374 for comparison with the observed 
frequencies of this study.)
B 2.2 Crystallography
The crystallography has already been generally described (see 
p.210). Additional details will be introduced where necessary in 
Section B2.4.
B3. Experimental
B5.1 Crystal growth
The crystals were grown by slow evaporation of a saturated aqueous 
solution at room temperature. This method enabled very large (2 cm 
diameter) platelike crystals to be grown, but generally the large 
crystals were of poor optical quality, i.e. milky bands were usually 
observed parallel to the crystal faces. Examination with a polarizing 
microscope revealed that the milkiness was due to what seemed to be the 
inclusion of tiny crystals in various layers parallel to the crystal 
faces. Kuppers^'^ commented that potassium oxalate monohydrate 
'neigt zur Ausbildung grober mosaikstrukturen'.
Lath-like crystals, of good optical quality, were found to be 
twinned in two equal halves, with the twin plane parallel to the length 
of the lath. The plate-like crystals were not twinned, but they were 
always thin with the plate face varying from hexagonal to diamond. It
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was found that both lath and plate crystals grew in the same solution 
in varying proportions. This can be compared with the observations of 
Hartley, Drugman, Vlieland and Bourdillon^ 1^  , who found:
"Crystallisation from acid solution seems to favour the twinning of 
the neutral oxalate. It is only when the solution becomes nearly 
neutral that the ordinary untwinned crystals appear at all."
B3.2 Crystal orientation for Raman spectroscopy
The crystallographic axes were identified from zero layer 
reciprocal lattice photographs taken on a precession camera. (As the 
space group and unit cell dimensions were known^ 2^  it was only 
necessary to photograph the zero layer.) These photographs indicated 
that the a and b axes were parallel to the plate face and the c axis 
emerged at an angle of about 110° to the plate face. The c axis 
direction was parallel to the short sloping faces, between the plate 
faces and at right angles to b.
Examination under a polarizing microscope showed that the 
extinction directions on the plate face were parallel and perpendicular 
to the b axis. The approximate orientation of the optical indicatrix is 
shown in the sketches on p. 326. The interference figure,when looking
down onto the place face, showed the emergence of one optic axis only, and 
that was very close to the edge of the field of vision. The optic axial 
plane was found to be perpendicular to the b axis. These results agree
with those of Hendricks.He observed 2V = 86°, and n was 41° from’ a
c, in obtuse 3. More recent values of the refractive indices(-*-42) can 
be used to calculate 2V, using the formula,
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b
a
A  *Extinction
directions
\
\\
rn. A. _  >- a
Potassium oxalate monohydrate
A. View o£ plate face, down c*, with the interference figure super­
imposed. The crystallographic axes and extinction directions are 
indicated at the right.
B. Crystal section looking down b.
Potassium oxalate monohydrate
Views of the cell contents 
down the Raman axes a.b.c*
From the above, 2V = 82°38'. This corresponds with the optic axes 
making an angle of about 21u to a and about 8° to c, providing the crystal 
is optically positive (see p. 332 also) . The very large 2V makes it 
extremely difficult to decide if the crystal is optically positive or 
negative. From the very indistinct slight movements of the isogyres on 
the insertion of a quartz wedge it seems likely that the crystal is 
optically positive. (If the crystal were optically negative then one of 
the optic axes makes an angle of about 28° with a and the second optic 
axis would be almost coincident with c.)
The axes chosen for the Raman experiments were a, b and c'. The 
axes a and b were parallel to the a and b crystallographic axes and c' 
was perpendicular to a and b, and so parallel to c* of the reciprocal 
lattice. The extinction directions, the directions of the optic axes 
and the plate-like shape of the crystals did not permit any alternative 
axes to be chosen for the Raman observations. A set of observations 
was made on a crystal mounted along the b axis and another set of 
obsei'vations on a second crystal mounted perpendicular to the b axis.
These crystals were about 3-4 mm diameter, but less than 1 mm thick.
For the crystal mounted along the b axis a set of observations 
consisted of orienting the crystal so that the laser was incident along 
c' and the collection optics were along the a axis direction. The 
electric vector of the incident radiation could be polarized parallel 
to the a and b direction, and the analyser of the collection optics 
could be arranged to pass light with the electric vector parallel to
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Set 1
(Lj) . c'(bb)a, (2-jP . c'(bc')a, • c’(ab)a, (4-j) . c'(ac')a
Rotation by 90° about the mounting axis gave:
Set 2
(-Lj). a(bb)c1} (-3^ . aCba)c% (-2J . a(c'b)c', (-4-j) . a(c'a)ct
The crystal was then moved bodily 90°, so that the mounting axis, b, was 
parallel to the collection optics, giving rise to the following 
permutations:
Set 3
(5-^). c'(aa)b, (6 )^. c'(ac')b, (7-j) . c'(ba)'b, (8-j) . c'(bc')b 
Set 4
(9-j). a(c'c')b, (10-^ ). a(c'a)b, (Ut) • a(bc')b, (12-j). a(ba)b
Similar operations with the crystal mounted perpendicular to the b axis 
gave the permutations:
Set 5
• c’(aa)b, C£>2) '  c'(ac’)b, (72) - c'(ba)b, (82)* c'(bc')b
Set 6
C-52). bCaa)c', (-72) . b(ab)c’, (~62), b(c'a)c’, (-82) . b(c'b)c'
Set 7
(12) . c'(bb)a, (22). c'(bc')a, (32) . c'(ab)a, (42) . c'(ac')a
Set 8
(~92) . b(c'c’)a, (-112) . b(c'b)a, (~102). b(ac')a, (-122) . b(ab)a
The reasons for tire rather complicated numbering system and the apparent 
over determination of the parameters will be apparent later.
It was found that an output of 300 milliwatts at the laser, which 
was subsequently filtered and reflected, etc. could not be exceeded 
without causing slight deterioration of the optical quality of the
the b and the c* direction. This gave the following permutations:
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crystal. This may have been related to water loss. IR absorption 
spectra of an orientated crystal were not successful, since a crystal 
could not be obtained that was big enough and at the same time 
sufficiently thin and of good optical quality.
B3.3 Curve resolution
A Dupont 310 curve resolver was used to obtain a better estimate of 
the relative intensities of the group of Raman peaks between 96 and 
170 cm 1. Comparison of spectra obtained using different orientations 
showed that seven peaks were present in the group. Only five channels 
were available with the Dupont 310, but it was found possible to 
synthesise the strong central portion of the envelope using the five 
channels, then move the two peaks corresponding to the lowest frequency 
to synthesise the high frequency wings of the envelope, and vice versa, 
to obtain a good fit for the whole envelope in two overlapping portions. 
As is generally found for such a curve fitting procedure, it was 
sometimes possible to obtain an equally good fit with more than one set 
of synthesised peaks.
The syntheses used Gaussian distributions. The 875 and 880 peaks 
were not of a suitable shape to enable a satisfactory synthesis to be 
made. The bands at about 1600-1610 were suitable for resolution.
B4. Results and interpretation
B4.1 Description of the Raman spectra
The bands at about 878 and 1605 were resolved into two components
by narrowing the slits. The positions of the other bands in the spectra 
were not found to shift reproducibly with the crystal orientation, and 
so showed no indication of the two Raman components predicted for the 
oxalate ion fundamentals. The deterioration of the crystal if the out­
put of the laser was greater than about 300 milliwatts, limited the 
signal to noise attainable. The two components at 1602 and 1607 were 
consequently always weak and significant contributions from noise 
occurred in some of the spectra. Also, they overlapped each other 
considerably and Dupont curve analysis was required to obtain a better 
estimate of their intensities.
As in the case of the powder sample the group of bands between
about 100 and 160 cm-1 overlapped each other to a very great extent, but
for some orientations the intensity of the 128 band was very greatly 
reduced and the neighbouring bands could be seen more clearly. The 
intensity changes of the bands below 200 were probably more marked than 
for the bands above 200, except for the bands about 878 and 1605.
B4.2 Orientation of the oxalate ion and the water molecules
It is very unfortunate that the best set of Raman axes that could 
be chosen are at very large angles to the oxalate ion axes and the x and 
y axes of the water molecule. These orientations, with respect to the 
crystallographic axes, can be seen in the diagram (see p. 332).
The water molecules are on the two-fold axes of the C2/'c unit cell, 
so that their z axes are parallel to the b axis of the cell. The water
molecules are also related by the centres of symmetry in the cell.
Consequently, although the x, y and z axes of all the water molecules 
are parallel to each other, the x and z axes of the water molecules 
related by a centre of symmetry are in the opposite sense, i.e.
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els')anti-parallel. Sequeira, Srikanta and Chidambaram^  J found that the
’’angle from the a axis to the H-H vector measured sway from the c axis
is 46.45°”. Since this H-H vector can be identified as parallel to the
water y axis, the water molecule y axis makes an angle of 46.45° with
the Raman a axis and 43.55° with the Raman c* axis. The relative
directions of the water x and y axes, the optic axes and the extreme
refractive indices, n and n . with respect to the Raman axes, can beJ a y  * ’
summarized by the diagram below:
To show the arrangement of the optical indicatrix, the water molecules 
and the Raman and crystallographic axes in the ac planeT* " ’ "
n.Y
c’
H20 \
c\
\  \
\  \
- \ \
' \  \ \
\  \\
\ x- 41 ''  A t- N \\^ f / '’  '   >Av ; y  „
....
%
zO
Optic-
axis
21
> V .....\\ 'Yv '
\\ \\  \  N
7 .7 ? \ \
\ n \\ N \ \ \
\ Optic 
axis
8 is taken as 110.7
The water z axis, the crystallographic and Raman b axis and n^  are at 
right angles to the plane of the paper. The diagram can be related to 
all of the water molecules since their axes are parallel or anti-parallel
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to each other. As previously noted (p.328), the optic axes make an 
angle of 21° and 61.6° with the a axis, and 28.4° and 69.0° with the 
c’ axis. (These angles assume that the crystal is optically positive, 
but the very large optic axial angle makes it difficult to ascertain 
that it is optically positive. If the crystal was optically negative, 
then one optic axis would be almost coincident with c and so 21° from 
c*. The second optic axis would make an angle of 61.6° with c. 
Correspondingly, the optic axes would make angles of 28.4° and 69° from 
the a axis. Thus the optic axes are well removed from the Raman axes 
if the crystal is optically positive or negative.)
There are four water molecules in the C2/c unit cell and hence 
two in the .corresponding primitive cell, which are related by a two-fold 
axis. If the transformation matrix relating one of these to the Raman 
axes is:
cos 43.55° cos 133.55° cos 90° ' ( ao h o '
Tjfw) = COS 90° cos 90° cos 180° = 0 0 -1
cos
V.
46.45° cos 43.55° cos to 0 o
1 j ao 0 ,
then (where 43.55° is the angle between the crystal a axis and the 
molecule x axis, etc.), the transformation matrix for the second molecule 
is:
cos 45.55° cos 133.55° cos to O o . J fg h o'
T2M  - COS 90° cos 90° cos 0° ~= 0 0 1
COS 46.45° cos 43.55° cos 90° J g 0
All of the molecular axes of the oxalate ion are at very large 
angles to the Raman axes. The transformation matrices relating the 
oxalate ion axes to the Raman axes may be expressed as:
334
cos 65.63° cos 36.52° cos 115.38
cos 56.45° cos 126.51° cos 125.70°
cos 43.61° cos 90.22° cos 46.39o
If the above matrix is symbolized as
then the matrix, T?, for the second oxalate ion, can be expressed as
x
r*■ “x
a
y
y
y
It is obvious that the angles of the water molecules and the oxalate 
ions with the Raman axes are far too large to permit them to be 
considered, even approximately, as the same direction (except for the 
water z axis). Since the primitive cell contains two water molecules 
and two oxalate ions and two potassium ions, it is necessary to consider 
their interaction with each other. If this is negligible then they may 
be considered individually and their contributions added, i.e. an 
oriented gas approach/144-^ However, it has been observed that the 
Raman bands at about 879 and 1604 and IR band at about 1315 are split, so 
that the interactions cannot be considered to be negligible. In spite of 
these limitations some interesting observations can be drawn from the 
recorded data.
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The intensities of the oxalate ion fundamental vibrations were 
observed to have considerable sensitivity with respect to the crystal 
orientation and the polarization of the incident and collected radiation, 
but generally none of the arrangements lead to a. band completely 
disappearing. This behaviour would be expected since the bands, at wide 
slit settings, must be considered as being due to the overlap of A ando
B components. The polarizability tensors for the Aa and B componentso to 8
have the form:
B4.5 Consideration of the results as observed
ra 0 d 0 e o'
0 b 0 e 0 f
dV 0 c P f 0,
Thus, no orientation would be expected to lead to negligible intensity,
unless, 'by chance', the A or the B component was very weak or a8 6
particular direction was associated with only a very slight change in 
the polarizability of the crystal.
The resolution of the bands at about 879 and 1604 enables the Ag
and Bg components to be observed separately. Since the ion axes are 
far from the Raman axes it is not possible to decide directly, from the 
observed spectra, which of the components is A and which B . Most of
o  o
the sets of spectra indicate that the 881 and the 1602 components are 
of the same symmetry, and the 876 and 1607 components are of the same 
symmetry as each other but of a different symmetry from the first pair 
Csee also p.380). It is often considered that totally symmetric 
vibrations are much more intense in the Raman than non-totally symmetric 
vibrations, so it might be suggested that the 881-1602 pair is probably
- 361 -
due to the A components. Indeed, for the powdered material, the
o
unresolved bands at 472, 879 and 1446, corresponding to the three Ao
bands of an oxalate ion with D,,^ symmetry, are the most intense. 
However, totally symmetric components are not invariably the more 
intense, e.g. see Section D2.4, p. 548 onwards, and it is not considered 
reasonable to make the assignment on this intensity factor alone. 
Another possible method of assigning the Ac component would be by
C>
comparison with a first overtone, which in the absence of degenerate 
modes are necessarily of A symmetry. However, the assignment of a
o
genuine overtone band of a Raman fundamental is not readily made, and 
the peaks are very weak anyway. (A 'genuine' overtone is considered to 
be derived from one symmetry type only, in this case A ® A ^A , and
o  o
13 ® 13 =t>A , whereas A ® B is a combination band. If theg g g’ g g g
fundamental is not observably split into the A and B components, then§ o
it is possible that the apparent overtone could be due to one or all 
three of the above possibilities. If the assignment of lattice modes 
given in the section on the spectra of powdered samples of potassium 
oxalate monohydrate is correct, then three of the bands assigned to 
librations of the oxalate ion are of A^ symmetry and the other three of 
B symmetry, but it is not possible to decide which is which. The
o
intensity pattern suggests that the 115 band is probably of the sane 
symmetry as the 881-1602 pair of components, but other bands assigned 
to librations do not obviously match up with the 881-1602 or the 
876-1607 pairs.
The studies of the oxalate ion in solution (see Section I.A4, 
p. 59) showed that the three bands observed at 1446, 879 and 472 could 
be associated with the totally symmetric vibrations of the isolated 
oxalate ion with symmetry. It is generally supposed that bands of 
a particular symmetry will behave in the same way when the isolated
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molecule or ion is transferred to a crystal environment. Inspection of 
the tables shows that the intensity patterns of the 1446, 879 and the 
472 bands do not behave in the same way for all the sets of data.
Whilst it might be expected that in cases of high symmetry all the 
totally symmetric bands of the isolated species would behave in the 
same way, the lower the symmetry the less restrictions apply for a 
vibration to be totally symmetric, until in the limit of all 
vibrations are totally symmetric, Thus in cases of low symmetry the 
major polarizability changes could occur in different directions and 
the vibration still be totally symmetric. This conclusion can also be 
arrived at by inspection of the polarizability components and the 
effects of transferring the isolated oxalate ion to the crystal in a 
similar manner to that described by Suzuki, Yokoyama and Ito^'^ for 
the naphthalene crystal.
The transformation matrices of the two oxalate ions in the 
primitive cell, T, and T2, are given on p.334. For the following 
derivation it mil be assumed that the oxalate ions can be treated 
separately from the water molecules and that they do not have 
significant interactions with each other,
Let the derived polarizability'' tensor for the isolated ion, with 
respect to a normal vibration Q, be:
a 'XX a'xy a'xz
a 'm®> - a'yx a *y y a'yz
a''-zx a'zy a'zz
6axxwhere , etc.
The molecular tensor with respect to the Raman axes can be 
represented as
- 363 -
= T-,a ’T. for the first ion, and ml l m 1
am2 ~ 2 for the second ion.
If it is assumed that the interaction between the ions is small, the 
polarizabilities of the two ions can be added to give a polarizability 
tensor ,aph for the two ions in the primitive cell:
ap = aml^ l + a'm2^ 2 
Let S;, and be the symmetry coordinates for the two ions, then
o crC> O
Qi
and
(sA + sB )
 § g_
n
n
so
ap
[CTi^Ti + t2o;t2)sa + crl V l  - T2a<T2)sB ]
________________ g__________________g_
V2
Thus the derived polarizability tensors for the two ions in the primitive 
cell are
a ’ ( s A )  -  6 a p / 6 S A  =  ( T ^  +
“p^ bJ 6cV 6SB T^lamTl " T2amT2^)//l/^
If matrix multiplication is carried for the T^ a'T^  transformation, the 
forms of the individual components can be seen (next page):
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This has the form
T^a’T.l m l
I
IV
VI
if p.q.a!. = q.p.a!.. i j ij Hri ji
has the form
T7a'T9 I* m £
i
-IV
VI
IV VI '
II V ' = M.l
V 111
T7a'T7 I m2 is carried out the
-IV VI 1
II -V - m2
-V h i ,
ces, + M7, can readily
to the form of Raman tensor associated with the k a component, whilsto
their difference gives rise to the B
a 0 d 0 e O'
or-Oo e 0 f
d 0 c 0 f 0.
The symmetries for the normal modes for an isolated oxalate ion, 
of D2h symmetry, are 3Aff, 1B2 , 2B3„, 1AU, 2Blu, 2B2u amd 1B3u. The 
non-vanishing elements of the Raman tensor for the isolated ion, under 
D^, can be compared with the similar elements of the Raman tensor for 
the A and B components in the crystal, as illustrated by .S D
It can be seen from the table on p.366 that only the A symmetryo
components of the crystal vibrations that can also be associated with A
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modes of the isolated ion contain terms involving three components 
of the polarizability tensor. For the others the relative intensities 
depend in a simple way on the elements of the transformation matrices 
and Thus, this analysis enables the observed differences in 
behaviour of the 472, 879 and 1446 bands to be explained. The table on 
p.366 suggests that, in favourable cases, the overlapping of the and 
B components of a vibration in a crystal need not prevent the 
assignment of observed bands to or vibrations associated with 
the isolated species.
Potassium oxalate monohydrate is anisotropic, and so the direction 
of the wave vector passing through the crystal may affect the observed 
intensity pattern when the incident and collection directions are 
reversed, but the polarization direction of the incident and collected 
beams is unchanged. In the most general case,^^' the relationship of 
the wave vector, K , of the exciting radiation and the wave vector, K ,C
of the scattered radiation have the geometrical relationship shown below:
k
where k is the wave vector of a lattice wave. For the conservation of 
energy and momentum, v = v„ + v and K = K + k.c b U C 5
As v «  v , K ~ K . the magnitude of the wave vector of theO 6 6 S
scattering lattice wave is
lc = 2K sin 4 e 2
The Raman scattering is at 90° to the exciting radiation, so £ = 90° and
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the previous equation reduces to k = /I Kg and the scattering wave in the 
crystal makes an angle of 135° with respect to the exciting beam 1^45^
The above relationship of the scattering wave at 135° to the 
exciting radiation can be illustrated for the potassium oxalate 
monohydrate crystal:
->K c’ s
Ke
k
V
I<
R
From the simple morphology of the crystal shown above it is apparent 
that P and Q are equivalent, but R is not equivalent to P or Q. A simple 
rotation about the mounting axis of the crystal can give rise to R from 
Q, such as the change from the conditions of set 1 to set 2. The 
intensity patterns of the 879 and 1446 bands can be used to illustrate 
this. (These two bands were chosen since they are very intense.)
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879
c'(bb)a c' (be’) a c'(ab)a c' (ac')a
Set 1 10.0 5.9 4.0 4.4
Set 7 10.0 6.9 4.0 2.4
a(bb)c! a(c'b)c' a(ba) c' a(c'a)c'
Set 2 8.3 6,6 10,0 6.9
1446
c'(bb)a c! (be’)a c’ (ab)a c' (ac’)a
Set 1 8,8 6,3 10.0 7.3
Set 7 7.2 4.2 10.0 6.7
a(bb)c' a(c'b)c' a(ba)c* a(c’a)c'
Set 2 7.0 3.4 10.0 4.6
Data from set 7 is included to show that the variation between 
crystals is much smaller than the changes in intensity caused by the 
change of wave vector direction for the 879 band. Hie very marked changes 
for the 879 band can be contrasted with the small changes for the 1446 
band. This can be understood if it is assumed that the direction of the 
predominant polarizability change for the 879 band is such that it is 
close to the direction of the wave vector for one of the sets and makes 
a large angle with the wave vector for the other set. It seems likely 
that the direction of the predominant change in polarizability for the 
1446 band is such that the wave vector makes a similar angle with it 
for both sets 1 and 2. Comparison of the above sketches with the cell 
contents ( see p.327 ) shows that the wave vector would be very
close to the C-C bond with the arrangement R, but at a large angle to 
the C-C bond for the arrangements P and Q. Since the 879 band is 
generally considered to have the largest contribution to the polarizability 
change associated with the stretching of the C-C bond, the very marked
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effect of the change in wave vector direction can be readily accounted 
for. Similarly, th^  1446 band is mainly associated with motion of the 
C-0 bonds which are at two dissimilar angles to the wave vector 
whichever arrangement is used. (These findings are similar to those 
found for single crystals of the acid oxalates, see sections D1 and D2.)
B4.4 Consideration of the results with respect to the crystal forces
The results can be interpreted with regard to the crystalline
environment in two ways, the inter-species forces can be estimated and a
normal coordinate calculation performed for the crystal as a whole, or,
one can use the 'oriented-gas' model. Which method is a better
approximation depends upon the compound being studied; molecular
crystals, such as those of naphthalene and anthracene studied by Suzuki, 
f] 441Yokoyama and Itov * J would be expected to have comparatively weak forces 
between the molecules and so be suitable for an analysis that assumes 
inter-molecular forces are sufficiently small to permit the assumption 
that polarizabilities can be added. The potassium and oxalate ions of 
potassium oxalate monohydrate suggest that the inter-molecular forces 
can be expected to be relatively stronger, and this is supported by the 
observation of factor group splitting for some of the intra-molecular 
vibrations, i.e. the 879 and 1604 Raman bands and the 1315 IR band.
The observation of the number of lattice vibrations predicted by factor 
group analysis also seems to occur commonly for molecular crystals 
where intermolecular interaction is insufficient to cause splitting of 
the intramolecular vibrations. (^6)
B4.4(a) Interpretation of the observed results using the 
normal coordinate calculations of Fukushima
Fukushimaused the method of Shimanouchi et a l ^ ^  to perform
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a normal coordinate calculation on the potassium oxalate monohydrate 
crystal. Hence, the vibrations of the oxalate ions, the water molecules 
and the potassium ions are considered in the context of the crystal as a 
whole, and so librations and translations are expressed in terms of 
internal symmetry coordinates, as relative changes in the O...K+ angles 
and distances, etc. Fukushima assumed the potential,
V VC2042“ + VH20 + Vinter
where g 2- and VH20 represent the Urey-Bradley force fields associated 
with the C^ Oii2 ions and H20 molecules respectively, and Vj_nter is the 
interaction potential of H20, C20lt and I( . For clarity part of the 
paper of Fukushima is included as Appendix 10, and his results for the 
monohydrate only are considered here in detail. The IR and Raman 
results i:of this study can be compared with his IR observations and 
calculations for IR and Raman active bands:
IR bands assigned to Au vibrations by Fukushima, for potassium 
oxalate monohydrate .
Observations Calculations
This
study Fukusliima Position Potential energy distribution
3260 3200 3154 R1(97)
1614 1608 1638 R28(61),R33(19),R32(17)
1585 1580 1598 R3(65),R4(63)
1311* 1303 1356 R4(47),R3(43)
771 758 762 R29(71),R31(17)
520 R32(80),R33(15) .
527 524 518 R36C95)
309 R31(35) ,R30(29)
232 R3 5C34)
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210 224 RgC56) ,R2(11) ,R20(10)
190 175 Rg(32),R8(17) ,R7(11)
141 R1X(20) ,R14(18) ,R23(13) ,R8(12)
115 135 R14(29)>R23C21}’R24^ 14^
92 95 R23(22) ,R21(12) ,R1 1(12)
79 R2C24) ,R6(17),R22(16)
IR bands assigned to B vibrations by Fukushima; for potassium 
oxalate monohydrate
Observations Calculations
This
study Fukushima Position Potential energy distribution
3365 3370 3296 R1(98)
1585 1608 1600 R3(64),R4(64)
1319* 1303 1361 R3(45),R4(45)
771 758 789 R29(65},R31(15) ,R30(14)
716 718 691 R32(133) .
614 614 601 ,R32(28)
527 524 518 R36(96)
347 351 351 R3q(37) ,R3 1C33) .
232 R35(32) ,R22(13) 5Ru (13) ,R24(13)
222- 210 208 R2(32) ,R6(31),R19(14)
-150 190 199 R23(25) ,R14^ 22-^
160 164 Rg(28) ,R21(22) ,R19(12)
130 129 144 R9(21),R2(20),R14(17)
115 103 Rig(48),R20(22)
56 56 R2(21) ,R6(20) ,R24(19) ,R2qC12)
* One of a pair of bands split by crystal effects, the and By 
components were chosen arbitrarily. ________________
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Comparison of Raman bands observed in this study with the A 
band positions calculated by Fukushima ' “ ' — — g
Observations Calculations
This study Positions Potential energy distributions
3253 3154 P1 (97)
1602 1701 R4(S6) 5P.-(55) jR30(13) ,R31(12)
1638 r2SC6D sR33C19) jr32(17)
1446 1408 r5(47) ,r3(39),R4(38) ,r29(12)
881 992 RSC48) ?R29(22)
805 R36C")
555 575 R30(38)3R31(37)
520 R32(80) ,R33(15)
472 484 r29 (39) ,R5(16)
332
232 Ru (22) ,R22(22) ,R24(18) ,R6Cll)
210 207 R14(22) ,Rg(21) ,r26(18) ,R23(16)
179 R5(31)
160 166 R21(27) ,R8(21) sRgCl3) ,R14(11)
128 131 RgC2i)
98 87 R26(25) ;R20(19) ,Rig(17) ,R24(10)
57 R6(21) ,R20(21) ,R26(14) ,R27(12)
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Comparison of Raman bands observed in this study with the B 
band positions calculated by Fulcushima 8
Observations Calculations
This study Position Potential energy distributions
3405 3296 Rx(98)
1607 1701 R4(56) ,R3(55) ,R30(13) ,R31(12)
1446 1408 R5(47) ,R3C39) ,R4(38) 5r29(12)
876 992 R5(43) ,R29(22)
805 R36C99)
724 691 R32(133)
628 602 R33(149),R32(28)
555 575 R30(38),R31(37)
472 484 R29(39) ,RS(16)
332
217 R6(20) ,Rn (13) ,R22(13)
210 201 Rn Ci9),R22ci9),R2Ci8)
188 R23C18) ,r26C17) ,R9(14) ,r14(12)
160 165 R21(30) ,R8(21)
146 , 144 R14(37),R24(26),R19(14)
115 112 R19(31) ,r20(19) ,R2(19) ,r24(18)
106 105 Rg(20) ,Ry(14) ,r26(12) ,r8(12) ,r23(11) ,r2I
79 67 R14(26) ,R24(21) ,Rig(14) ,r23(12) ,R6(12)
The observed and calculated IR bands of Fukushima generally show 
reasonably close agreement and the IR observations are in agreement with 
study above 250 cm”1. The greatest difference occurs for the water v(0H) 
vibrations, which may be partly due to the breadth of the bands. It
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seems illogical that Fukushima should assign the 1608 band to an
vibration where all the significant terms in his potential energy
distribution involve changes in the internal symmetry coordinates
associated with the water molecule, whereas for the Bu the same observed
band is assigned to a vibration where the significant terms in the p.e.d.
involve the C-0 bonds. For the A soecies the band observed at 1580 isu *
assigned to a vibration for which changes occur in the same internal 
symmetry coordinates, and with virtually the same p.e.d., as his 1608,
Bu assignment. In this study the band observed at 1585 is assigned to 
the unresolved A . and components of the vibration associated with 
changes in the internal coordinates of the C-0 bonds. For the deuterated 
compound a band was observed at 1585, but that at 1608 had disappeared. 
Fukushima observed the band in the deuterated compound at 1585, so it may 
not have been as obvious which band had disappeared on deuteration; 
however, in another p a p e r , ^ 2^  fxonl which the observed data was taken, 
he discusses the assignment of the 1608 band to the H20 bending 
vibration.
The positions of the calculated Raman bands of Fuloishima and the 
Raman bands observed in this study show much greater differences than 
the IR bands. This is expected since Fukushima did not make any Raman 
observations and the force constants he used were 'adjusted' using a 
set of incomplete IR assignments. The two vibrations considered to be 
essentially C-0 stretches, and observed in this study at about 1605 and 
1446, were calculated by Fukushima to occur at 1701 and 1408, for both 
A and B components. The two components of the 1605 observed band
o  o
could be partly resolved at about 1602 and about 1607. The calculated 
band at 992 for A and B corresponds to the bands observed in this
o  o
study at about 881 and 876. It is not possible to be certain, but 
probably the components at 881 and 1602 correspond to the A , and the
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B components to the 876 and the 1608 peaks (see pp.3608380) .o
Fukushima calculated that an A and B band would occur at 805 that
o  o
had the change in the internal symmetry coordinate describing the out-of­
plane bending of the C-CCq group as the only significant term in the 
potential energy distribution. No Raman bands were observed between 724 
and 876 however. Conversely, a band is observed in the Raman spectrum at 
332 which has been assigned to a fundamental, but for which Fukushima 
does not have any corresponding calculated band. In the present analysis 
of the spectra obtained with powder samples, the 332 band has been 
associated with the same fundamental as the band observed at about 305 
for solutions of potassium oxalate in aqueous solution. This was assigned 
to the out-of-plane wagging mode of the C0? groups and so approximates to 
the vibration calculated by Fukushima to occur at 805. The region 
300-350 is the frequency range expected for such a vibration. Thus the 
difference in the calculated and the observed positions for this 
vibration is 473 cm 1.
In this study the Raman bands observed at 146 and 141 have been 
assigned to the water translations (see p253). The B band calculated
o
at 144 could be taken as corresponding to one of these, but there is no 
obvious calculated band to correspond with the second band. However, 
the differences in frequency in the region below 250 are small and 
probably comparable with the errors in calculation, especially for Raman 
bands, so that it may not be justified to attempt to compare particular 
calculated bands with observed bands. Also, most of the bands in this 
region contain contributions from three or more symmetric coordinate 
changes. The B^ band calculated at 144 has R^(37) ^ 4(26) ,R^ g(14) for 
the major contributions to the potential energy distribution, where 
R^ and R24 describe changes in symmetry coordinates between a potassium
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ion and the oxygen atoms of oxalate ions, and R^ g between a potassium
ion and the oxygen of a water molecule. In this study the disappearance
of this band on dehydration led to its assignment as a water translation.
Whilst this reasoning would seem to be valid, it should also be noted
that dehydration will change the crystal forces, and so change the
potential energy distributions of bands and probably their frequencies.
It is especially noticeable at these lower frequencies that different
potential energy distributions may give rise to the same calculated
frequency, e.g. as well as the B band described above at 144, a Bu band
was calculated with a frequency' of 144 that had the potential energy
distribution Rq(21),R?(20),R14(17); where Rg and R^ refer to changes in
the symmetry coordinate describing relative motions of potassium ions
and oxygen atoms of the oxalate ion and R2 to oxygen of the oxalate ion
and the hydrogen of water. Comparison of the terms in the potential
energy distribution given by Fukushima is probably misleading, for
example, the Bu band calculated at 518 has R3 5(96) as the only significant
term in the potential energy distribution, the Au band at 518 has R3 (^95)
and the A_ and B^ bands at 805 have R^r(99) . g g 36v '
A subsequent paper of Fukushima^2®-* reported the low frequency
water bands of potassium oxalate monohydrate at room temperature and at
-75 or -100°C. Two bands at 230 and 244 were observed to increase their
intensities at low temperature, and with the calculated frequencies of
an Ay band at 224 and a Bu band at 208, the assignment was suggested
that these were associated with the translational lattice modes of the
water of crystallization. The increase in intensity as the temperature
is lowered may also apply to other lattice modes. At room temperature 
fl 27 1281’ these bands both seem to correspond to a band observed at 210. 
The deuterated compound has bands at 195 and 215. The observation, in 
the present study, that the 144-230 region still shows strong absorption
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for the anhydrous compound, whereas the Raman region about 140-150 has 
much less intensity for the anhydrous compound, suggests that the 210 
band involves a vibration having the relative movement of the potassium 
ions as its main contribution.
The internal symmetry coordinate describing the C-C torsional
vibration was the main, or the only, significant term for the band
calculated at 232 for the A, and B species. The MtNCO/3 calculateda U-
potential barrier to rotation and the frequency obtained from this, 
about 120, has been previously discussed (see p.241 and Appendix 6 ) •
In summary, although the calculation of the frequencies for the 
internal and external vibrations seems far superior to calculating the 
frequencies of the isolated oxalate ion, the additional observations in 
the present study of the Raman spectra of the monohydrate and the 
monodeuterate,and the IR and Raman spectra of the anhydrous compound, 
do show the limited accuracy of the calculation and the advisability of 
observing the Raman spectra as well as the IR spectra.
B4.4(b) Interpretation using an oriented gas model
In the oriented gas approach it is assumed that the two oxalate ions
in the primitive cell can be treated as if they have little influence on
each and are not affected by the presence of potassium ions and the water
molecules. This method has already been introduced to show the basis for
the behaviour of the vibrations associated with the totally symmetric
modes of the isolated oxalate ion (see p361). The derived elements of
the Raman tensor have been shown (see p362) . For the vibrations that
can be related to B2g and B^ g modes of the isolated oxalate ion, the
transformation matrices T  ^and T2 can be used to obtain the coefficient
of the a' component for B„ modes and the a* for the B, . The xz r 2g yz 3g
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relative intensities observed should be proportional to the square of 
these values if the oriented gas model is appropriate.
From the table on p.379 it is predicted that the zz polarizations 
should give rise to by far the most intense component for bands 
associated with the B?cr modes of the isolated ion, whilst the zz 
polarizations should give rise to the weakest for the modes of the 
isolated ion. Tlie study of the oxalate ion in solution also indicated
which bands could be associated with the B-, and modes of the2g " Bg
isolated ion, under symmetry. The 1604 band has been assigned to
the B_ , v (C-0) vibration, and the 555 to the B, , p (O-C-O) mode.S Og s
Inspection of the tables shows that for the 1604 (unresolved) and the
555 bands the xx and yy polarizations can usually be associated with
the most intense components and the zz with the least intense component.
The xy components are more intense than would be expected from the above
table. It has been shown that the 1604 band can be resolved into two
components at 1602 and 1607. The tables show that xx and yy are the
most intense, and the zz the least intense for the 1602, and the xy and
yz are usually the most intense for the 1607 component. Hence, the 1602
can be assigned to the A component and the 1607 to the B componentg g
under the crystal symmetry.
The B g^ vibration of the isolated ion has been assigned to the
extremely weak 340 band. The weakness prevents any comparison of
intensities being made. It also precludes assessment of the usefulness
of the model to discriminate between the vibrations related to the B_3g
and the B^g modes of the isolated ion. Although the 1604, resolved and 
unresolved, and the 555 bands do not follow very closely the expected 
pattern, the general trends are as predicted and so it seems likely 
that the oriented gas model may be of use in a system as far removed 
from the ideal as the ionic potassium oxalate monohydrate crystal. It
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should be noted that the above analysis of the 1604 and the 555 bands 
was only confirming the previously made assignment, and inspection of 
the tables shows that assignment of the non-totally symmetric 
fundamentals from the tables would not have been easy.
It has been shown previously that bands associated with the totally 
symmetric vibrations of the isolated oxalate ion are related in a 
complicated way to the observed Raman spectrum of the single crystal. 
However, it may be possible to pick out some relationship that could 
lead to the assignment of the two components at 876 and 881.
Elements of the derived polarizability tensor
Crystal
symmetry Polarization Ag molecular symmetry
B.g
a(xx) °*17aic + 0.6 5a1yy -f 0.18a'zz
b(yy) O.Sla^ + 0.35a'yy
+ 0.35a'zz
c(zz) ° ' S2ak + 0.00Aa'0 yy + 0.48a'zz
d(xz) 0.30a'Xa - °-003a^ y - 0.30a'zz
e(xy) °-23“ix - 0.48a^ + .0.25a'■-ZZ
f(yz) °-40“ix + o - o o f ^ - 0.40a'zz
It is evident from the above table that the yy component should
always be larger than the xz component for the A peak. The intensityg
difference will depend upon the relative magnitudes of the a^ ., a^ , 
and a* and the square of the values given in the above table. Ideally,ZZ
the B should not appear except for the xy and the yz, but, as would be
o
expected in the non-ideal situation, the 876 and 881 bands appear in
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all the spectra. The yy and xz are observed in sets 1, 2 and 7, i.e. 
as c*(bb)a or a(bb)c'. In all three of these sets the yy is more 
intense than the xz for the 881 peak and for the 876 peak. However, 
the intensity difference is much more marked for the 881 band. Although 
the magnitudes of the a ' determine the intensity, the absence of 
negative terms in the summations for xx, yy and zz suggest that these 
are probably larger than the xz, xy and yz. For most sets the 881 peak 
is the more intense. These observations suggest, but only in a very 
tentative way, that the 881 peak can be assigned to the A component andO
the 876 to the Bo component. It has already been noted that the 
intensity pattern of the 881 is very similar to that of the 1602, and 
the 1602 has been shown more convincingly to be of A crystal symmetry.o
The overlapping of bands and ghosting in some of the spectra 
somewhat affects the relative intensities of the peaks in the region 
below 200 cm-1. From the general intensity patterns it might be very 
tentatively suggested that the 128, 115 and 100 correspond to librations 
of the oxalate ion of A symmetry and the 160 and 79 to B symmetry.
o  o
B4♦5 Summary
The assignment of the 1604 and the 555 fundamentals to the
B^g vs(C-0) ana ps(0-C-0) vibrations of the isolated oxalate ion is
in agreement with the very approximate trends obtained using an oriented
gas model. The comparison of the Raman data with Fuloishima's calculated 
(127)positionsv J shows the importance of considering the Raman as well as 
the IR spectrum, especially for the oxalate ion in potassium oxalate 
monohydrate where both components of a vibration appear in the same 
spectrum and the IR spectrum cannot give an approximate position for the 
Raman active bands.
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Unfortunately, the 630 and 724 bands, assigned to water librations, 
were too weak to decide their symmetry.
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Cl. Introduction
The three acid oxalates, lithium and sodium hydrogen oxalate 
monohydrate and anhydrous potassium hydrogen oxalate, are an interesting 
group of compounds. All of them contain chains of acid oxalate ions, 
linked by strong hydrogen bonds. For sodium and lithium, the acid oxalate 
ions are linked in a trans manner, whereas for potassium the linkage is 
cis. The extent of non-planarity of the acid oxalate ion and the space 
group of the crystal is different in each case.
The above variations lead to spectra that have similar frequencies 
for the internal vibrations of the acid oxalate ion, but the general 
appearance of the spectra show considerable differences.
C2. Literature survey .
C2(a) Spectroscopic studies
C2(a).l Douville, Duval and Lecc-mte (1942)
Q2 211Douville, Duval and Lecomte' ’ compared the IR spectrum of sodium 
hydrogen oxalate monohydrate with the spectra of neutral oxalates.
They found the 1300-1600 region of the acid oxalate spectrum to be 
analogous to that of the neutral oxalates, but they were unable to 
assign the very strong 1012 band. The pronounced 711 band was also 
unassigned, except for the possibility that it could be v6 displaced, 
where v6 was an IR band found at 750-800 in the spectra of the neutral 
oxalates (see p.152).
C. Polycrystalline samples of acid oxalates
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Observed IR bands of sodium
hydrogen oxalate monohydrate
1599 (s)
1294 (SJ
1214 (s)
1012 (s)
711 0 )
666 (w)
C2(a).2 Marignan (1948)
Marignan^ ^  observed the Raman spectra of potassium and sodium acid 
oxalates, the latter hydrated } and other neutral-, acid- and tetra- 
oxalates, in the region where the oxalate ion bands were expected. The 
water of crystallisation was considered for the sodium acid oxalate. .
Observed Raman bands
NaHCzO^HzO KHC2O4
3450 (vw) b
3415 (m) b (31 cm 1 wide)
1591
1541 1494
1419
926 903
732
535
452
Marignan(98a) seems to have grouped together all the neutral-, acid- and
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tetra- oxalates and found that the number of Raman bands was always less 
than six, except for ammonium compounds where extra bands were associated 
with the ammonium ion. He concluded that the symmetry of the oxalate ion 
was close to D2^ for all types of oxalate (see also p. 155 ).
Marignan^k) discussed the influence of hydrogen bonding and the 
coupling of vibrations in the unit cell on the bands assigned to the 
water of crystallisation.
C2(a~).3 Duval and Lecompte (1955)
Observed IR bands of sodium hydrogen oxalates
Anhydrous Dried Monohydrate
1533 (s) 1539 Cs) 1560 Cs)
1396 (s) 1396 Cs) 1440 Cs)
1319 (m) 1391 Cs)
1300 Cm) 1300 Cw)
1260 (m) 1250 Cs)
1234 Cm) 1240 Cs) 1258 Cs)
1192 (w) 1190 Cs) 1500 Cs)
1128 (s) 1132 (s) 1140 Cs)
1068 Cs) 1070 Cs) 1068 Cs)
992 (w) 995 Cm) 998 Cm)
941 (w) 941 (w)
897 (w) 897 (w) 906 Cw)
880 (m) 878 Cw) 880 Cw)
835 (w) 835 (w) 866 Cw)
800 (m) 800 Cs) 802 Cw)
702 Cs) 676 786 Cm)
* It seems probable that this is a misprint
Duval and Lecompte^^considered the effects of water and 
dehydration on a wide range of compounds, including sodium hydrogen 
oxalate.
They compared the IR spectra, in the region 650-1550, of anhydrous 
sodium hydrogen oxalate, the dried compound and the monohydrate. No 
details were given of how the compound was dried and how it differed 
from the anhydrous compound, apart from the spectra.
Duval and Lecompte commented on the remarkable modifications in 
the 650-1550 region where they believed water did not have any maxima. 
This was taken as indicating not only an addition of water but the 
existence of a molecular rearrangement.
C2(a).4 Amakasu and Ito (I960)
The paper of Amakasu and I to ^  contains an interesting account 
of the effects of alkali halide disc preparation, including mixing times, 
pressure, moisture and the type of alkali halide used. Hie order:
NaCJi > NaBr > KCii > KBr > KI was found for the effects of the halides 
on the spectrum of the oxalic acid incorporated in the discs. The 
spectrum obtained of sodium hydrogen oxalate monohydrate by using sodium 
chloride and bromide in the disc preparation was compared with the 
spectrum of sodium hydrogen oxalate monohydrate in nujol mull. The 
potassium halides were similarly studied and the effects of using 
hydrated and anhydrous oxalic acid, (see p388 ).
C2(a).3 Almlof, Lindgren and Tegenfeldt (1972)
(149)Almlof, Lindgren and Tegenfeldt calculated the equilibrium 
geometry, infrared frequencies and intensities, and the electrostatic 
field gradients for the free water molecule and the water molecules in
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lithium and sodium hydrogen oxalate monohydrates, monodeuterates and 
crystals containing HDO molecules. The calculations were performed by 
MO-LCAO methods using Gaussian expansions for the molecular orbitals.
Comparison of theoretical and experimental vibrational 
(infrared) frequencies ...... ........
H20 (free) NaHC20t,»H20* LiHC20^H20**
Theory Exp Theory Exp”^
»
Theory Exp1
Vl 4212 3943 4024 (3427) 3925 3306
h 2o v2 4117 3832 3900 (3400) 3746 3306
v3 1693 1648 1791 (1642) 1767 -
Vi 4166 3890 4011 3435 3751 3301
DiHnO v2 3025 2824 2847 2523 2851 2460
v3 1484 1440 1570 - 1546 -
Vi 3916 3414 3922 3301
HiDi 3.0 v2 2915 2539 2726 2460
v3 1567 ~ 1549 - ■
Vi 3085 2889 2945 - 2864 2469
D20 V2 2969 2764 2821 - 2715 2469 ■
V 3 1238 1206 1309 - 1291 -
* Data taken from studies not published at that time by Lindgren, 
and de Villepin and Novak. Frequencies in brackets were taken 
from work subsequently published by de Villepin and Novak.
** 'Data from unpublished results of Lindgren.
*1* Values not corrected for anharmonicity.
Hie calculations considered the water molecules in the crystal 
environment and hence two types of HDO water molecule could be
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distinguished. Factors affecting the calculations were discussed, such 
as the effects of the Hartree-Fock approximation on the calculated 
stretching force constants.
C2(a).5 Pedersen (1968)
Pedersonrecorded the IR spectra of potassium hydrogen oxalate 
and the deuterated compound in conjunction with an X-ray study.
Observed IR bands of potassium 
hydrogen and deuterium oxalates
KHCyOi,
3400 (w) 3400 (vw)
2555 (m)
2485 (w)
2460 (m)
1845 (w)
1710 (w) 1717 Cw)
1692 (w) 1699 (w)
1609 (S) 1626 Cs)
1445 (w) sh
1396 (S) 1426 Cs)
1310 (w)*
1269 Cm) 1262 Cm)
1240 (vw)
1204 Cm) 1205 (vw)
1101 Cm) 1104 (m)
1070 Cm)*
868 (w) 864 (w)
846 Cw) 849 (w)
785 (w)*
735 (w)*
708 (s)* 712 (vw)
675 Cs)*
•ie
’characteristic lines', see below
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Pederson contrasted the far higher number of absorptions observed 
in the 1000-1800 region for the protonated and deuterated acid oxalates 
with those observed for neutral oxalates where the oxalate ion was known 
to be centrosymnietric. A detailed assignment was not attempted, but 
Pedersen commented that "frequencies common to both compounds should be 
attributable to the oxalate ion." Pedersen discussed the types of 
hydrogen bonds that have been associated with hydrogen bond lengths of 
the order 2.4-2.6 R, i.e. asymmetric double-minimum, symmetric single­
minimum and symmetric double-minimum. The absorption at 2460 was 
interpreted as the v(0H). stretching vibration. 'When Pedersen used the 
empirical equation of Pimental and Sederholm^1^  a hydrogen bond length 
of 2.55 was derived, which was not considered to be significantly 
different from the value of 2,534 R obtained in her X-ray study. The 
assignment of v(0H) to the absorption at 2460 placed the hydrogen bond 
of potassium hydrogen oxalate in the group (2200-2600), of Blinc, Hadzi 
and Novak characterised by a symmetric double minimum bond with a 
small barrier. The IR spectrum was found to have a shoulder at 1845 
for the deuterated compound, where the v(0D) stretching vibration was 
"supposed to lie." Pedersen also observed lines above 2000 for the 
deuterated compound but it was considered that these might be due to 
certain combination bands or impurities.
Pedersen considered that the bending frequencies were not easily 
determined as the spectra had a number of oxalate absorption bands in the 
region 1700-1100. The absorption lines 'characteristic1 of potassium 
hydrogen oxalate were found at 1310 and 708, and those characteristic of 
the deuterated compound at 1070, 785, 735 and 675. It was considered 
possible that these bands may indicate a difference in the hydrogen bond 
in the two compounds.
The absence of a large isotopic effect supported the asymmetric
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hydrogen bond, as Rundle had discussed the unusually large isotope
effect observed in compounds with medium short hydrogen bonds having 
symmetric double minimum hydrogen bond potentials. Thus from the IR and 
crystallographic evidence Pedersen concluded that for potassium hydrogen 
oxalate the hydrogen bond potential was asymmetric.
C2(a).6 de Villepin and Novak (1971-76)
De Villepin and Novak have made the only thorough studies of the
spectra of acid oxalates to appear in the literature. Their first paper
considered sodium hydrogen oxalate, anhydrous, monohydrated and mono­
, , (150)deuterated.
Deuteration and dehydration enabled de Villepin and Novak to readily 
assign the internal vibrations of the water molecule. Two of the 
librational modes were assigned to 685 and 568 bands of the monohydrate 
that were displaced to 504 and 420 by deuteration. The band at 608 for 
the monohydrate was assigned to the third librational band superimposed 
on a skeletal absorption of the acid oxalate ion: the latter shifting to 
595 on deuteration and the librational band appearing as a new band at 
454. The only librational band assigned in the Raman spectra was at 523 
in the deuterate, which was considered to have been masked by the acid 
oxalate band at 719 in the hydrate.
The intense, wide absorption between 3000 and 1300 in the IR spectrum 
of the monohydrate, with three more pronounced areas at 2450, 1880 and 
1550, was accounted for by the absorptions associated with the OH group 
involved in the very short (2.571 X) hydrogen bond. The shift on 
deuteration enabled the 1042 band, of the monohydrate, to be assigned to 
■yOH. The vibration was sufficiently pure to give a ratio for yOH/yOD of 
1.38. The doublet at about 1455-1422 was assigned to 6OH and vs(C00).
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XR and Raman bands o f  sodium a c id  o x a la te s  observed by de V il le p in  and Novak
NaHC2Oo NaHC20i,-H2O NaDCjOi, *D20
v / v . + Assignment*
IR’ IR" Raman" XR" Raman"
3427 (vs) 3429 sh 2560 (v s) 2556 (in) 1 .3 4 v a H20(D20)
2S36 v OD(DOH)
2519 v • OD(DOH)
3400 Cvs) 340S (v s) 2502 (v s) 2498 (vs) 1 .3 6 v s  H20(D30)
3266 (m) 3258 sh 2399 (w) 2391 (w) 1 .36 ' 26 H20(D 20 )
2450 (m) b** 2450 (m) b** 2500 sh 1950 sh (A)
1956 (in) b 1857 (m) b 1930 (w) b .
1892 (m) b 1881 ( s )  b 1900 (w) b
1822 (B)
1725 (s) 1738 (s) 1719 (s) 1739 (s) 1720 (s) v C=0
1710 (s ) 1703 (m) 1701 sh 1703 (m) comb. •
1642 (s) 1643 (w) 1204 (m) 1203 (vw) ' 1 .3 6 6 H20(D 20)
1640 (s )  b 1595 ( s )  b 1600 (w) b 1632 (s )  b 1632 (w) va COO”
1550 sh 1550 (s )  b 1606 ( s )  b 1603 (w) (C)
1469 (w) 1455 (s) 14S8 (s) 1082 (s ) 1074 (w) 1 .34 6 QH(0D) '
1402 (m) 1422 (s ) 1416 (s ) 1433 (s) 1436 (vs) vg CCO"
1339 (w) 1352 (vw) 1342 (w)
1327 (w) 1326 (vw) 1334 (w) comb.
1259 (vs) 1234 (v s) 1219 (w) 1273 (vs) 1263 (w) V C-0
1041 (m) 1042 (m) 754 (ms) 1 .38 Y 0H(0D)
882 (vw) 889 (w) 888 (vs) 881 (mw) 882 (s) v  C-C
852 (w) 852 (vw) 852 (m) 852 (vw) 854 (mw) comb.
760 (w) 774 sh comb.
724 (s ) 720 (vs) 719 (raw) 675 (s) 673 (mw) 6 COO(H)
685 (m) 504 ( s ) 523 (m) 1 .3 6 H20(D20)R ’
578 (m) 608 (s ) 597 (m) 595 (ms) 592 (m) p COO
608 (s ) 454 (s ) 1 .34 H20(D20 )R ’
568 (s ) 4-20 (s ) 1 .3 5 H20(D 20)R '
505 (m) 497 (s ) 502 (ms) 493 (s ) ’ 492 (ms) 6 COO
492 (m) 477 (s ) 479 (ms) 473 (s ) 481 (ms) p CCO
462 (w)
335 (mw) 328 (ms) 325 (s ) in COO
287 (ms) 281 (ms) 1 .02 H20(D20)T '
239 (m) v 234 (ms) 226 (s ) oi COO
1 Frequencies measured a t  ordinary tem perature.
" Frequencies measured a t  -180°C.
t  Frequency r a t io  o f  hydrogenated and deuterated  compounds a t  -180°C.
* Raman bands correspond to  A type v ib r a tio n s  and IR to  A type 
v ib r a t io n s . g u
** Frequency corresponding to  th e  cen tre  o f  the broad band w ith  sub-maxima 
a t  2887, 2808, 2653, 2552, 2427 and 2286 cm-1 fo r  NalE20„ and a t  2887, 
2745, 2665, 2563, 2440, 2289 and 2192 cm-1 fo r  NaHC20u*H20 .
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IR and Raman bands o f  sodium a cid  o x a la te s  observed by de V il le p in  and Novak (Cont)
NaHC20„ NaHC20u-H2O . NaDCiOif •d2o
' v /vt T en ta tiveassignm entIR
35°C -180°C
Raman
35°C 35c’c
IR
-180°C
Kaman
35°C
IR
35°C -180°C
2 1 6  Cw)
225 sh 206 On) 204 Cm)
211 Cm) 216 Cm) 186 Cw) 197 Cm) 181 Cms) 192 Cm) 1 .0 2 T*(H20)
172 (m) 193 On)
177 Cms) 169 Cw) 178 Cm) 165 Cs) 172 Cm) 1.03 T* C»20)
165 Cw) 145 Cw) 149 Cw) 143 Cw) 148 Cw)
128 (w) 132 Cw) 151 Cm) 137 Cw)
141 Cm) 129 sh 129 sh
116 Cw) 120 Cw) 118 (s ) 119 Cs) 122 Cs) 1 1 6  Cs) 1 2 1  Cs)
109 (m)
96 sh 84 Cm) 85 Cm) 83 Cm) 83 Cm)
89 Cw) 8 0  Cs) R
78 Cs)
58 Cms) 52 sh
^ Frequency- r a t io  o f  hydrogenated and d euterated  compounds a t  -180°C.
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It seemed that the OH deformation was involved with the two vibrations 
\>s (COO) and v(C-O), since for the deuterated compound one band was seen 
at 1433, a new band, 60D, appeared at 1082 and the v(C-O) band 
increased in frequency from 1234 to 1273,
The acid oxalate ion frequencies below 800 cm 1 were assigned by 
comparison with the oxalate ion and anhydrous oxalic acid. Hie 720 band 
wTas assigned to the 6COO deformation of the COOH group, since deuteration 
displaced it from 720 to 674 in. a way similar to that observed for oxalic 
acid. The torsional frequency was not assigned.
Hie ability to distinguish bands characteristic of the COOH and the 
COO groups was taken as evidence of the presence of an asymmetric 
hydrogen bond. Hie latter was also held responsible for the three bands 
at 2450, 1880 and 1550, typical of strong hydrogen bonding, together with 
the elevation of the frequencies of the OH deformations. The origins of 
the 2450, A, 1S80, B, and 1550, C, bands were discussed and comparisons 
made with other similar systems, such as the acid carbonates. It was 
suggested that band A could be assigned to the combinations of 2<50H and 
SOH+yOH. The more intense bands B and C were assigned to vOH and 2yOH.
The intensities of the bands B and C were found to increase much more 
rapidly on cooling than band A. Hie increased intensity of B and C was 
considered to be due to the strengthening of the hydrogen bond on cooling 
which implied a shortening of the 0...0 distance, and an important thermal 
anisotropy following the chain axis was expected for the crystal.
On deuteration, band A disappeared and the intensity of B and C, 
between 2100 and 1300, was diminished. No new wide absorption appeared 
below 1300. The absorption in the region of band B appeared as two 
shoulders about 1950 and 1857, whilst C appeared as a poorly defined 
band in the region 1600-1500 cm-1. For both the hydrated and the
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deuterated compounds the vOH or vOD ’unperturbed' positions were in the 
neighbourhood of 1800. The positive isotope effect was explained by 
the balancing of the shift due to change in mass by the weakening of the 
hydrogen bond on deuteration. Band A disappeai~ed from the 2500 region 
as the frequencies of oOD and yOD were lower, and bands B and C were due 
to the combinations 260D, SOD+yOD and 250D mixed with the fundamental vOD.
In their second paper, ae Villepin and Novak^4)studied the spectra 
of potassium hydrogen oxalate and potassium deuterium oxalate.
IR and Raman bands of potassium acid oxalate 
observed by ae Villepin and Novak
KHC20„ KDC20ij
IR Raman IR Raman Assignments
300°K 90°K 300°K 90°K
2680 sir 2680 2220 (w) 2230 2214 (4)
2540 (5) 1985 sh 1985 (a)
2440 (m) b 2460 1845 sh 1853 1882 (8)
1975 sh 2000 1950 (4) 1770 sh 1773 1775 (6)
1800 sh
1720 (s) 
1701 (s)
1719
1702
1717
1703
(44)
(25)
1722
1704
(s)
Cs)
1724
1707
1717
1703
(42)
(23) v(C=0)
1678 EE 1678
1667 (22)
1680 EE 1681
1669 (32) va(C00)
1610 (s) b 1580 1643 (s) b 1658 Ca)1623 sh 1630 1626 (9)
1468 sh 1490
1445
1470 sh
1478 (w) 1486
1465
6 (OH) 
comb.
1403 (vs)
1422
1404
1423 (55) 1429
1406
(s)
sh
1433
1408
1430 (100) vs(C00)
1340 sh 
1310 (m)
1342
1317 1313 (4)
1338
1309
(w)
(w)
1341
1315
comb.
1270 (S) 1278 1292 (3) 1282 (m) 1288 1287 (3) v(C~0)
t It is not stated if the relative intensities apply only to the 300 °K IR 
spectrum or if to both the 300 and 90 °K IR spectra.
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IR and Raman bands of potassium acid oxalate 
observed by de Villepin and Novalc (Cont)
KHCzO^  KDC2O4
Assignments
IR Raman IR Raman
300°K 90°K 300°K 90°K
L200 Cs) b 1170 1191 (6) 1244 Cs) b 1228 1227 (7) (a)
L103 sh 1121 1108 (5) t (oh)
1110 Cm) 1120 1102 (4) 6 (OD)
985
901 (9)
955 sh 975
942 comb.
879 (w) 882 882 (100) 874 (w) 879 870 (53) v(C-C)
859 Cw) 860 859 (13) 857 (w) 860 856 (17)
793 (ms) 807 783 (4) y (od)
719 (S) 722 719 (14) 683 (s) 687 681 (13) 6 (000(H))
605 Cm) 605 611 (11) 600 Cm) 600 595 (7) p(COO)
590 (ms) 590 588 (6) 587 (ms) 586
498 Cs) 498 491 (28) 490 (s ) 497 480 (27) 6(COO)
462 sh 462 452 (15) 457 (s ) 457 443 (13) p(COO)
364 Cs) 370 364 (4) 360 Cs) 367 349 (2)
320 (m) 321 315 Cw) 316 w(COO)
267 Cm) 274 251 sh 257
186 (s) 196 193 (vw) 185 (s) 195
172sh 170 sh 170sh 173 sh T'
150 (s) b 163 150 Cs) b 165
150 145
135
125
sh
(ms)
(ms)
150 143
133
125
sh
(ms)
(ms)
R'
112 Cw) 115
104 Cm)
109 Cw) 113
105 (w)
90 (m) 93
. 82 sh
90 (m) 93
83 sh
79 (m) 78
73 sh
76 Cm) 78
61
43
sh
sh
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The OH stretching vibration was found to be centred about 
1500 ± 100 and extended as a very strong, broad absorption between 2800 
and 800, with other bands superimposed on it. The vaCOO Raman band was 
readily assigned to the 1667 peak, but its IR counterpart was not as 
obvious. De Villepin and Novak found that the IR band at 1580 shifted by 
about 80 cm-1 to higher frequency on deuteration whereas the Raman band 
assigned to v&COO did not shift. Hie IR 'transmission peak' at 1678 did 
not shift and so it was assigned to v„COO. The strong IR-weak Raman band
*■ CL
at 1103 shifted to 795 on deuteration and was assigned to yOH. The 6OH 
Raman band was observed as a shoulder at 1470 for the hydrogen oxalate, 
but was not observed for the deuterium oxalate. Overlapping bands made 
it difficult to locate oOH in the IR spectrum of the hydrogen oxalate, but 
SOD was readily observed at 1110 cm"1.
Hie IR bands at 2440, 1975, 1600 and 1200 and the Raman bands at 
2540, 1950, 1600 and 1190 of the hydrogen oxalate were not considered to 
be due to fundamentals. For the deuterium oxalate the very broad 
absorption weakened and narrowed to the 2100-1000 region and the 
absorption pattern differed with sharper IR maxima at 1985, 1853, 1640 
and 1230 and Raman bands at 1882, 1630 and 1227. Except for the 2440 
band, assigned to SOH+yOH, individual assignments were not made and it 
was stated that the "maxima and shoulders may be interpreted as sub­
bands of the OH(OD) stretching band in much the same way as the well-
known acetic acid sub-bands in the 3000 an 1 region." These sub-bands
n  551of acetic acid were assigned • to v(0H) and combinations such as 
v(C=0) + 6s(CH3) and v(C=0) + <50H.
De Villepin and Novak stated that they had no experimental criteria 
for assigning bands to symmetry species in the region below 200. They 
argued that on general grounds the strong IR bands near 196, 163 and 150 
were mainly due to translational vibrations and the strong Raman bands at
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135, 125 and 105 to mainly rotational vibrations. It was considered 
that a hydrogen bond stretching vibration of translational origin 
"could be sought" in the 200-160 region and one of rotational origin in 
the 150-135 region.
The centre of gravity of the vQH band, 1500 ± 100, did not change 
considerably on deuteration. However, the isotopic ratios of the oOH 
and yOH were 1.34 and 1.39. This behaviour was very similar to that they 
had previously observed for sodium hydrogen and deuterium oxalates, and 
it was therefore expected that the lengthening of the hydrogen bond on 
deuteration would be at least as big for the potassium, compounds as for 
the sodium compounds. Teilgren and Olovsson*-1^) ]iac[ found from an X-ray 
structural analysis that deuteration increased the hydrogen bond length 
by about 0.02 A for the sodium compounds, whereas Pedersen 
from an X-ray study, had found that the hydrogen bond of the potassium 
compounds was increased by only 0.005 X. (It is unfortunate that the 
more recent structural analyses have not considered the deuterated form 
of potassium hydrogen oxalate.)
C ~\ CIn their third paper de Villepin and Novak considered the
spectra of lithium hydrogen oxalate monohydrate and its deuterated 
equivalent and the anhydrous compounds. The isotopic substitution 6Li 
was also carried out for the hydrogen oxalates.
The isotopic dilution H/D - 51, enabled de Villepin and Novak to
observe the vOH decoupled vibrations at 3297 and 3292, at 90°K. Tne
inverse isotopic dilution D/H - 51 did not enable the corresponding vOD
components to be observed and only one band was found at 2451. The
r(0-H) distance of the water molecules, which were taken as practically
(74)all the same, were estimated using the relationship ,
AvOH/ArOH = 11000 cm"1
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Observed IR and Raman bands o f  LiliC20 .  '1^0, LiDC20i,’D2O and 6LiHC;0u-HgO
LiHC20u*H2O
IR Raman
Ambient 90°K Ambient 90°K
LiDCzOi,-D20
IR
90°K
Raman
90°K
V/,v" Assignment
3333 sh  3333 (w)
3340
331S (w)
3307* 3297
3298* 3282*
3307 3291 (Vs) 3312 3291 (mw)
1724 EE 1728 FE 1724 I7241l(nw)
1660
1518
1432
1243
1091
851
781
1665 (ms)
1544 (ms)
1508 (ms)
1436 (m) 1439 1441 (s)
1400"
1250 (s )
1153 ( s )
1101 (s )
851 (vw) 
795 (s )  
744 (w)
721 721 (s )
62911 (s )
1153 (w)
1090
1101 (w) 
902 906 (s )
851 851 (ms)
744 (vw) 
721 721 (w)
2465 (s)
2451**
2420 (ms)
1728 EE
1665 (s )
1451 (m) 
1400' " 
1269 ( s )  
1225 sh
1 .005
851 (vw) 
595 (s )  
538 (w) ' 
683 (ms) 
480 ( s )
2478 sh
2459 (m)
2423 (m)
2417 sh  
1760 (row)
1710 (mv)
vaH20(D20) 
1.349  vaH20(D20)
v„H20(D20) 
v' HOD
1.344
v HOD 
vsH20(D20) 
1 .3 6 0  vsH20(D20)
vsH20(D20) 
v CO
v CO
v„ COO a
1104 EE 1080 (w) 1 .382  6 0H(0D)
1456 (s)
1235 (w)
1.0
vs CC0 
v OH (OB) 
v CO  
5 D20
.790 (m) 790 (w) 1 .439  y 0H(0D)
898 ( s )  1 .0 0 9  v  C-C
851 (ms) 1 .0 0 0  Comb,
1 .336  R'wH20(D 20)
538 (w) 1 .3 8 3  R’tH20(D 20)
683 (mv) 1 .0 5 6  6 C00H(D)
1 .3 1 0  R’pH20(D20)
601
602 ( s )  591 595 (mw) 1 .0 0 0  583 ( s )  578 (m) 1 .0 3 3  p COO
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Observed IR and Raman bands o f  LiHCgOi, •Hz0, LiDC20i,-DzO and 6LiHC20n «H20 (Cont)
LiHC20i**h2o
• v ' /  * -
X.xDC20i,•D20
V
IR Raman
V V
IR Raman
Assignment
Ambient 90°K Ambient 90°K 90°K 90° K
521 (is) 1.000 514 (m) 1.014
516 (s ) 517
512 (m) 1.030 507 (s) 507 (m) 1 .0 1 0 6 COO, pCOO
507 507 ( s ) • 507
503 sh 1.000 501 ( s ) 1 .004
414 428^(ms) 42S1I(w) 1.061 423 (ms) 423 (w) 1.012 T 'L i+ . . .H20(D20)
352
356^(s )
1.014
354 (s) 1 .006
w COO
336 1.076 T 'U + . . .H 20(D 20)
279 2881,(ms) 1.045 283 (ms) 1 .018 T 'L i+ . . .H 20(D 20)
271 281 sh 274 281 (mw) 1 .000 266 (w) 1 .056 w COO
215 223^  (nsv) 1 .0 1 3 221 (mw) 1 .009 T>
213 2 l7 1,(ms) 215 (ms)
209 215f (m) 1 .014 213 (m) 1 .009 T'
180 185 (nw) 1 .000 181 (mw) 1.022
175 179 (v s) 176 (vs) t  C00,T'
172 176 (m) 1 .000 173 (m) 1 .017
158 (mw) 155 158 (v s) l.OCO 156 (mw) 156 (vs) 1 .013 R' an ion
131 135 (ra/) 131 135 (vs) 1 .000 133 (mw) 133 (vs) 1 .015 R* anion
115 119 (m) 115 119 (vs) 1 .000 118 (vs) 118 (m) 1.008 R' anion
It v ' / v  i s  th e  r a t io  o f  th e  freq u en c ies  fo r  th e  i s o to p ic  p a ir  GLiHC20i, •H20/LiHC20 1> -H20 .  The 
The freq u en c ies  v ' d i f f e r e n t  from v are 632, 454, 383, 361, 301, 220 in  th e  IR, and 1740,
' 17 1 8 , 454 , 226 and 218 in  the Raman.
t  v / v„ i s  th e  r a t io  o f  the freq u en cies fo r  the is o to p ic  p a ir  LiHC20i, *H20/LiDC20i, *D20 .
*
■ Frequency vOH o f  an i s o t o p ic a l ly  mixed c r y s ta l  w ith  95% deuterium .
** . . "-  Frequency vOD o f  an i s o t o p ic a l ly  mixed c r y s ta l  w ith  51 deuterium .
" Centre o f  group w ith  sub-maxima a t  1870, 1820, 1760, 1700, 1410, 1362, 1349, 1185 and 1088.
' Centre o f  group w ith  sub-maxima a t  1870, 1765, 1700, 1610, 1510, 1351, 1165 and 1070.
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From this the value of 0.963 X was obtained and this was considered to be 
more realistic than the 0.82 - 0.85 R distance obtained in the X-ray 
study of T h o m a s . T h e  presence of only one molecule in the primitive 
cell of lithium hydrogen oxalate monohydrate and the quasi-equivalence of 
the 0-H bonds led to the assignment of the two Raman bands and the IR 
band to intramolecular coupling of the bands v_ and v of water. For thecL S
monodeuterate two Raman and two IR bands were similarly assigned.
Contrary to what de Villepin and Novak expected the difference in 
frequency for the two Raman bands of the monohydrate, 42 cm 1, was 
greater than the difference of 56 for the monodeuterate. They explained 
the anomaly by Fermi resonance perturbations between the fundamental and 
overtone 26, or combinations. Two shoulders were observed in the vOD 
band at 2478 and 2417 and one shoulder in the vOH band.at 3315. They 
proposed that these overtones would be responsible not only for making 
the difference v -\> greater for H20 and D20 but also for making theE S
difference close to double that estimated by Schiffer et al (in a 
private communication to de Villepin and Novak).
De Villepin and Novak associated the intense region of absorption 
2200-850, centred about 1400, with the vOH vibration of the very short 
hydrogen bond. Deuteration was not found to displace the centre of the 
band, which was considered compatible with the increase of 0.016 X in the 
hydrogen bond length on deuteration. The spectroscopic and crystallo­
graphic results were concluded to favour an asymmetric hydrogen bond 
with two potential minima separated by a weak barrier. The IR doublet 
at 1544 and 1508 observed for the monohydrate was found to be absent for 
the monodeuterate. This was explained by Fermi resonance being possible 
for the monohydrate between 60H and the combination (1250+288) or the 
overtone 2(795). Hie 60D vibration was assigned to the IR window at 1104 
and the Raman band at 1080. The non-coincidence of the IR and Raman
bands was explained by the window, resulting from the interaction of 
the wide vOD band with the narrow SOD, to enable one frequency to be 
more or less perturbed. The IR and Raman band, 1091, assigned to yOH, 
was observed to be split into two bands at 1153 and 1101 at 90°K. The 
yOD band 790 did not split when the temperature was reduced. The iso­
topic ratio yOH/yOD of 1.44 was in agreement with their findings for vOH 
that the hydrogen bond was wreaked by deuteration.
The IR window at 1728 for the monohydrate and the monodeuterate was 
assigned to vC=0. For lithium hydrogen oxalate monohydrate the Raman 
band at 1724 was assigned to vC=0, but for the 6Li monohydrate two bands 
were seen at 1740 and 1718 and for the monodeuterate two bands were 
observed at 1760 and 1710. The v COO- was assigned to the deuteration3.
non-sensitive IR sub-maximum about 1665; no Raman equivalent was observed. 
Hie IR and Raman bands about 1440 were assigned to the vsC00~ vibration 
and the 1250 band to vC-0 for the monohydrate. For the monodeuterate 
vsC00 was assigned to the band at 1456 and vC-0 to the band at 1269.
This was explained by decoupling of the 60H vibration and coupling of 
the 60D. The strong Raman intensity and the weak isotopic ratio, 1.009, 
led to the assignment of the 906 band to vC-C. The satellite band at 
851 was considered to be characteristic of the C20n group and due to a 
combination band.
The IR bands observed at 90°K at 721, 602, 516, 507, 356 and 281 
were assigned to the deformation modes oCOO, pCOO and rnCOO. They were 
little affected by deuteration, and, except for the band at 356, they 
were not sensitive to lithium isotopic substitution. The band observed 
at 356 at 90°K was found to have the two components 352 and 336 at 300°K. 
The 352 component increased in frequency by 6 cm-1 on 6Li substitution 
and the 336 component increased by 22, and the former band was therefore
- 403 - ^
- 404 -
assigned to mCOO and the latter band to a lithium translation, with 
coupling occurring between them. These two bands were observed at 383 
and 361 in the spectrum of the sLi monohydrate at 90°K.
_ . + .The use of Li isotopic substitution enabled the Li translations
to be distinguished from the water librations. Three translational bands 
were expected in the 230-170 region and four Raman bands were observed, 
two of which, 185 and 176, were not sensitive to 5Li substitution but 
had ratios of 1.022 and 1.017 for deuterium substitution. It was 
proposed that these two bands could be assigned to a translation coupled 
with the torsional mode.
The three IR bands 795, 744 and 629 were assigned to the water 
librations. The isotopic ratios on deuteration were 1.336, 1.383 and 
1.310 respectively. Hie isotopic ratios they predicted for an isolated 
molecule of water were 1.392, in plane rotation pH20, 1.414, torsion tH20 
and 1.342, rocking ojH20. Hie 744 band was assigned to the torsion tH20 
as it had the highest isotopic ratio, the corresponding IR band was the 
weakest and it was the only libration for which a Raman band was 
identified. If the II20 molecule occupied a C?v site the torsional 
vibration would be and hence inactive in the IR. From the isotopic 
ratios, 795 wras assigned to PH2O and 629 to oJhO. The increase of 3 cm”1 
in frequency of the 629 band on 6Li substitution was associated with 
coupling to a translational mode. For the deuterated compound, the 
libration of D20 is closer in frequency to the lithium translations and 
the coupling was expected to be more important. It was considered 
possible that the lowering in frequency of the 629 band on deuteration 
may have been lessened by such coupling and the assignment of the pH20 
and wH20 librations on the basis of isotopic ratios inverted. (Their 
earlier paper had assigned pH20 to the lowest frequency libration of 
sodium hydrogen oxalate monohydrate.) Hie shorter hydrogen bond distances
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between the water molecules and the acid oxalate ions of lithium hydrogen 
oxalate monohydrate, compared with the corresponding sodium compound, 
were correlated with the lower vOH frequency and the higher librational 
frequencies.
De Villepin and Novak studied the spectra of anhydrous lithium
hydrogen and deuterium oxalates. The crystallography of these compounds
is unknown, but they were able to draw inferences from the spectra. At
300°IC the IR spectrum of the anhydrous hydrogen oxalate showed an
extremely wide absorption, attributable to vOH extending from 5000 to
100 cm 1. When the temperature was lowered to 90°K they found that the
absorption narrowed and the main region of absorption was below 1450,
with a maximum about 550 and the centre of gravity of the band about
700. This type of vOH band had been previously observed in the IR
Q59")spectrum of the crystal NaHsHCgO^ , where from spectroscopic1- and 
crystallographic^^ evidence the OHO bond was known to be symmetric. 
This lead them to examine a similar model for lithium hydrogen oxalate, 
where the HC204 anions are linked in infinite chains as:
,r
X 0'-" o'
and the pattern has a site group symmetry at least Cb and at most 02^ . 
The selection rules were predicted to show no coincidences of IR and 
Raman bands. For a C- symmetry they expected oA and 9A vibrations.
. o  ^
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Observed IR and Raman bands of LiHC204. and LiDC20it at 90°K
LiHC20i* LiDCaOi*
IR Raman sAssignment IRf +Raman Assignment
1758 (vs)b
1721 (vs)
Au vC=0 
A0 vC^ KD
O ■
1738 (s) 1728 (s) v C=0
1704 (m) combination 1706 (w) 
1684 (s)
1707 (w) 
1678 EE 
1468 (ms)
combination
v C00“ a
1466 (vs) Ag vC-0 1461 (w)
1459 (ms)
vsC00-
1306 (m) Au vC-0 1298 (s) 
1104 FE
1310 FE v C-0 
6 OD
1180*(m)
1075 (w)b
Au YOH 791*(ms) 795 (vw) Y OD
915 (vs) A vC-Cao 892 (w) 901 (s) v C-C
856 (m) combination 856 (w) 855 (m) combination
748 FE Au 6 COO 684 (ms) 682 (w) 6 COO
724**
700 Au vOH 1400 v OD
650 (w) A pCOO g 590 (ms) 579 (m) p COO
539 (m) A 6 COO g 522 (vs)
509 (ms) 6 C003 pCOO
503 (vs) Au pCOO 499 (vs)
418 (w) T' Li+ 409 sh 418 (w) T* Li+
387 (w) Tf Li+ 396 (ms) r  Li+
378"(vs) T' Li+ 378 (ms) 372 (vw) T* Li+
348”(vs) T« Li+ 340 (vs) 334 (w)
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Observed IR and Raman bands of LiHCzO^  and LiDCzOt, at 90°K (Cont)
LiHCzO^ LiDCzOi*
IR Raman Assignment” IR+
j,
Raman Ass i gnment
340 (w)
294 (s) 282 (m)
290 (w)
287"(vs) T! Li+
253 sh
245 (m) 219 (ms) 228 (m)
219 Cm) 206 (vs)
197 (vs) 183 (ms) 192 (vs)
157 (w) 162 (vw)
154 (vw)
145 (vw)
143 (m) 141 Cm)
123 (w) 133 (m)
117 (vw)
116 (mw) 110 (vw)
92 (s) 92 (mw) 88 (vs) '
77 (vw)
§ Assigned assuming a Cb site group symmetry.
t Hie sub-maxima of the vOD band were at 1520, 1364, 1160 and 1052 in 
the IR and at 1632, 1275 and 1036 in the Raman.
* The frequencies of yOH and yOD at 300°K were 1150 and 800 respectively.
** Sub-maximum of the vOH band.
" The only frequencies different in the spectrum of 6LiHC20ij, with the
values 401, 366 and 297.
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The observed spectra for anhydrous lithium hydrogen oxalate were 
compatible with the predictions made for a Cb site group symmetry. The 
yOH and vOH bands were observed in the IR spectrum only, and were 
identified by their temperature sensitivity. The SOH band was not found, 
and, as it was expected above 1500, they believed that it must have been 
masked by the vC=0 band. Hie A component of the 6COO band was observedcl ~ •
as a transmission window at 748 cutting the vOH band, the A component
o
of 6COO being found at 539.
The selection rules for a site symmetry indicated the existence 
of a symmetric hydrogen bond. They concluded that the symmetry was not 
of a statistical nature, but it could correspond to two minima separated 
by a weak potential barrier or there could be a single central minimum.
They found that the spectrum of the deuterate enabled them to choose the •
foxmer type.
The deuterium substitution considerably modified the spectra,
o oespecially at 90 K. The vOD absorption was wide and intense at 300 K,
although less so than for the protonated compound, and the centre of the
band was displaced little on deuteration. At 90°K spectacular changes
were observed on deuteration: the band centred at about 700 for vOH made
way for a new larger vOD absorption which extended from 2000 to SCO cm 1
and had a centre of gravity about 1400, so that the frequency for vOD was
about double that of vOH. It was concluded that the protonated compound
had a symmetric hydrogen bond with two minima separated by a weak barrier
and that the form of the potential energy curve depended on the temperature.
The behaviour of the yOD vibration was found to be compatible with this
interpretation, as it was observed at 800, at 300°K and at 791 at 90°K.
This decrease in frequency as the temperature was lowered is the inverse
of that usually observed and they explained it by a weakening of the 0D...0
bond on cooling.
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Deuteration was also found to cause important modifications to the
skeletal vibrations of acid oxalate ion. The bands observed at 1738,
1680, 1461 and 1298 were assigned to the vibrations vC=0, vaC00 , vsC00
and vC-0, implying the non-equivalence of the carboxylic and the
carboxylate groups and consequently asymmetry of the hydrogen bond in
anhydrous lithium deuterium oxalate. Also the yOD vibration became
active in the Raman as the weak band at 795 and the C-C vibration became
active in the IR. The vOD vibration, found in the Raman in the form of
a very wide band between 2100 and 1000, was revealed, despite its weak
intensity, by the existence of two windows at 1678 and 1310; the two
narrow bands in resonance with the wide vOD band being respectively
v COO and vC-0. This was believed to have been the first time that a
Evans windows had been observed in the Raman effect.
The results showed a non-coincidence of IR and Raman bands for the 
deuterated compound, but the splitting was weaker than for the protonated 
compound, which was explained as indicating a centre of symmetry in the 
crystal that was no longer situated in the anion chian since the OD...0 
bond was asymmetric. De Villepin and Novak concluded that although the 
LiDC204 crystal is centrosymmetric, contrary to the case of the 
LiDC20i,*D20 crystal, their IR spectra are very similar, and in particular 
the frequencies of the OD group at low temperature, so that 0D...0 bonds 
were of the same type and of a similar force in both crystals. •
C2(a).7 Summary
The assignments of de Villepin and Novak can be compared for the 
various acid oxalates they have studied, but most other authors have not 
made comprehensive assignments. Hydrogen bonding effects are the most 
prominant features of the acid oxalate spectra recorded by de Villepin 
and Novak. Low temperature, deuteration and 6Li substitution were used
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For all the various lithium, potassium and sodium oxalates studied, 
hydrogen bonding has led to extremely broad bands being observed in the 
IR and also in the Raman, except for hydrated and deuterated lithium 
hydrogen oxalate. Progressive shortening of the hydrogen bonds linking 
together the acid oxalate ions, occurs along the series sodium acid 
oxalates, anhydrous, hydrated arid deuterated; potassium oxalates, 
protonated and deuterated; and hydrated and deuterated lithium hydrogen 
oxalate. For all but one of these crystallographic and/or spectroscopic 
data showed that the hydrogen bond potential was asymmetric. Deuteration 
was accompanied by a lengthening of the hydrogen bond but the hydrogen 
bond potential remained asymmetric. The effect of deuteration on the 
hydrogen bond potential of anhydrous lithium hydrogen oxalate was similar 
to the hydrated case at 27°C, but at -183°C the spectrum was spectacularly 
altered. A symmetric hydrogen bond was proposed for the protonated 
anhydrous compound, and an asymmetric bond for the deuterated compound.
Except for LiDCzCh and LiHC20i*, where vOH was found to be at 1400
and 700 respectively, the effect of the lengthening of the hydrogen bond
on deuteration approximately balanced the expected shift in frequency due
to the mass change, and the isotopic ratios vOH/vOD were about unity.
In general, features associated with the presence of strong hydrogen bonds
were explained in terms of combinations of the OH stretching and
deformation vibrations and internal vibrations following the assignments
(61,162)discussed by Hadzi.
The other features of the spectra were superimposed on the broad 
bands. ’Evans windows' were found that could be assigned to the inter­
action of broad and narrow bands. Most of the compounds studied were 
found to have similar frequencies and behaviour on deuteration and
to help elucidate the spectra.
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temperature change for corresponding bands. The following comparisons 
show that the exceptions were the anhydrous lithium acid oxalates.
C2(a).8 The C-0 stretching vibrations
The assignment of bands to v(C-O) and v(CO) of a carboxylic group 
and v (C-0) and v„(C-0) to a carboxyiate group have been associated with 
the presence of asymmetric hydrogen bonds linking the acid oxalate ions 
(see table on p. 412).
This table shows that with the exception of LiHC20i» the pattern of
spectral bands associated with the C-0 vibrations by de Villepin and
Novak are generally similar. The observed bands for LiHC204 were assigned
to ions linked by symmetric hydrogen bonds and hence with ions having two
equivalent -C. groups. However, tire differences in frequency of
0..H
the IR band assigned to the Au v(C-O) vibration and the Raman band 
assigned to v(C-O) is similar to the difference in frequency they 
observed for the IR and Raman bands of LiDC20t assigned to v(C-O) and 
vs(C-0). Also, the difference in frequency which the IR and Raman bands 
assigned to v(C=0) and v fC-O) for LiDCj-Ot, is not much greater than that
a
between the IR and Raman bands of 11110204 assigned to the A and A
g u
components of v(C=Q). Unlike the various acid oxalates of potassium and 
sodium, Raman bands were not assigned for v(C-O) and va(C-0) vibrations 
of the hydrated and deuterated lithium acid oxalates.
Amakasu and Ito^^ assigned the C-0 stretching vibrations of sodium 
and potassium hydrogen oxalate monohydrates in a similar way to that of 
de Villepin and Novak. Amakasu and Ito assigned the 1227 and 1416 IR 
bands to vibrations involving both v(C-O) and the OH angle deforma.tion, 
and the 1416 and 1445 were considered to interact. The effects of
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deuteration on the spectrum of the sodium compound led de Villepin and 
Novak to the same conclusion.
C2(a).9 Vibrations involving the OH or OD 
group of the acid oxalate ion
All of the compounds studied by de Villepin and Novak, except for 
LiHC20i4, contained a strong asymmetric hydrogen bond linking the acid 
oxalate ions into chains.
Bands assigned to vOH, 50H and yOH by de Villepin and Novak
Compound Activity vOH 6 OH yOH
NaHC20it IR (ambient) -1800 1469 (w) 1041 Cm)
NaHC2(VH20
IR (-180°C) 
Raman (-180°C)
-1800
1455 (s) 
1458 (s)
1042 (m)
NaDC204*D20
IR (~180°C) - 
Raman (-180°C) -1800
1082 (s) 
1074 (w)
754 (ms)
IR (27°C) 1468 sh 1103 sh
KHC2O4 IR (~183°C) -1500 1490 1121
Raman** 1470 sh 1108 (5)
IR (27°C) * 1110 (m) 795 (ms)
KDCgOij IR (~183°C) -1500 1120 807
Raman* * 1102 (4) 783 (4)
IR (ambient)
-1400
1518 1091
LiHCzO^HzO
IR (-183°C) _ 
Raman (ambient) 
Raman (-183°C)
1544 (ms) j. 
1508 (ms) 1
1153
1101
1090
1153
1101
(s)
(S)
(w)
(w)
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Compound Activity vOH 6 OH yOH
LiDCzOt, • D2O
IR (-183°C) 
Raman (-183°C)
-1400 1104 FE 
1080 (w)
790 Cw) 
790(w)
LiHCaOij
IR (-183°C) 
Raman (-183°C)
700 1180(m)
LiDCaOi,
IR C-183°C) 
Raman (-183°C)
1400 1104 FE 791 (ms) 
795(vw)
■k Two components o£ y(GH) observed at low temperature.
"kk Temperature not specified.
4»The 1544, 1508 pair of bands are assigned to the 5 (OH) fundamental and 
a Fermi enhanced combination.
For hydrated sodium and lithium acid oxalates and anhydrous 
potassium hydrogen oxalate the vOH ’unperturbed' position was little 
affected by deuteration, whereas the vCH frequency of LiDCaOu was about 
twice that of LiHC20ij, at -183°C. At 27°C, however, deuteration little 
affected the centre position of the vOH band of LiHC204. Pederson*'*"'^  
assigned the band of potassium hydrogen oxalate at 2460 to vOH. For 
sodium and lithium acid oxalate monohydrates and potassium hydrogen 
oxalate, the fall of the vOH frequency and the rises in the 6OH and y(M 
frequencies were correlated by de Villepin and Novak with the hydrogen 
bond lengths. Unlike the vQH frequency, the 6OH and yCH frequencies 
\\rere substantially affected by deuteration. The assignment of the broad 
bands and sub-bands to various combinations of 6OH and yOH was used to 
explain some of the deuteration effects, e.g. de Villepin and Novak 
assigned the 2460 band of potassium hydrogen oxalate to a combination of 
SOH + yOH since it was substantially affected by deuteration.
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The C-C stretching vibration was assigned by de Villepin and Novak 
to the very strong Raman band, with correspondingly weak to absent IR 
band, observed in the region 870-915. This was generally found to be 
accompanied by a satellite band assigned as a combination band 
characteristic of the C20i+ grouping.
Tne C02 deformation of the CG2H group has been assigned to the band 
observed at about 720 for the protonated compounds and shifted to about 
680 by deuteration; the deformation of the C02 group to the band about 
500 that is hardly affected by deuteration. The two C02 rocking vibrations 
have been assigned to the bands about 500 and 600 cm 1. For the lithium 
compounds, except LiHC20t,., the CO2 deformation and the lower frequency 
C02 rock are bracketed together in the -tables of de Villepin and Novak.
The two C02 wagging vibrations have been assigned to bands at about 230 
and 330 for the sodium compounds, and three bands between 250 and 370 to 
the wagging and torsional vibrations of the potassium compounds. For the 
hydrated and protonated lithium compounds the wagging vibrations are 
found at similar frequencies, but the torsional vibration was assigned to 
a band coupled with a translational vibration, the pair being associated 
with the bands observed at about 185 and 176. No wagging modes, or the 
torsional mode, were assigned for the anhydrous lithium compounds.
C2(a).11 Bands assigned to water vibrations and lithium translations
De Villepin and Novak observed two bands for sodium hydrogen oxalate 
monohydrate and the corresponding deuterated compound that could be 
assigned to the symmetric and antisymmetric stretching vibrations of the 
water molecules. Similarly for the lithium compounds two bands are
C2(a) . 1 0 Other bands of the acid oxalate ion
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observed, but the frequency difference is larger for the hydrated compound 
than for the deuterated compound. This was explained by Fermi resonance 
(see p402 ).
The librationai frequencies were found to occur at higher frequencies 
for the lithium compounds than the sodium compounds.
H20/D20 librationai frequencies observed by de Villepin and Novak
Compound Activity R’l R,2 R,3
NaHC2(VH20 IR (-180°C) 685 (m) 608 (s) 568 (s)
IR (-180°C) 504 (s) 454 (s) 420 (s)
NaSCgOif«D20
Raman (-180°C) 523 (m)
IR (ambient) 781 601
LiHC2CVH20 IR (-183°C) 795 (s) 744 (w) 629 (s)
Raman (-I83°C) 744 (vw)
IR (-183°C) 595 (s) 538 (w) 480 (s)
LiDC20i) *D20
Raman (-183°C) 538 (w)
For the hydrated lithium compound the 601 IR band observed at ambient 
temperature was found to split into two bands, at 629 and 602, at 
-183°C. As well as having a large shift on deuteration, the 629 band was 
also sensitive to 6Li substitution. The bands assigned to lithium 
translations at about 420, 336 and 283 were sensitive to deuteration as 
well as 6Li substitution. The . four lower frequency translational bands, 
223, 215, 185 and 176 (with coupling of a torsional vibration also), were 
not as sensitive to the 5Li substitution, showing that the cation was 
making less contribution. For the sodium acid oxalate monohydrate the
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water translational modes were assigned, to the bands at 287, 186 and 
169. (The torsional mode was not assigned for the sodium acid 
oxalates.)
C2(a).ll Lattice vibrations of tine acid oxalate ion
Deuteration enabled de Villepin and Novak to assign the K20/D20 
translational modes, and in the absence of experimental criteria, 
general considerations were used to make the acid oxalate ion librational 
assignments for sodium and potassium. For the lithium compounds, 6Li 
substitution, together with deuteration and the observation that the 
librational frequencies are usually the strongest Raman bands, enabled 
the 158, 135 and 119 bands to be assigned to librations of the acid 
oxalate ion.
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C2.Cb)l Early studies 
('53')Hendricks studied the crystallography of a number of oxalates, acid 
oxalates and oxalic acids in 1935. A structure was determined for potassium 
hydrogen oxalate and a partial analysis was made for sodium hydrogen oxalate 
monohydrate. The space group of potassium hydrogen oxalate was found to be 
P2i/c, with four formula units in the unit cell and the cell dimensions:
a = 4.32; b = 12.88; c = 10.32; 8 = 133°29'
r 33iIn this study, Hendricks ' found that the atoms of the oxalate group 
were invariably coplanar oxalates, acid oxalates and oxalic acids.
C2.(b)2 Lithium hydrogen oxalate monohydrate
The structure of lithium hydrogen oxalate monohydrate has been studied
by Follner, 1969-1970^^’^   ^and Thomas, 1972^^Their results differ
(163) -slightly. The preliminary study of Follner gave the space group as PI,
but the second paper, where the structure was refined, discussed the
necessary requirements for a centrosymmetric arrangement and the space group
was assigned as PI. The triclinic unit cell was found to contain one formula
unit and have the dimensions:
a = 4.99 ± 0.05; b » 6.16 ± 0.03; c = 3.45 ± 0.02 £
a « 96.3 ± 0.5; 8 = 98.0 ± 0.5; Y =. 80.4 ± 0.5
The acid oxalate ions were found to be linked together in infinite 
chains by a short hydrogen bond of 2.44 R between oxygen atoms trans to each
other, with respect to the C-C bond. The acid oxalate ion was found to be
non-planar, with a dihedral angle of 2.9°. The positions of the hydrogen 
atoms were not located.
C2.(b) Crystallographic studies
Thomas found basically the same structure as that described by 
Follner: a PI space group, with one formula unit in the unit cell and the 
cell dimensions:
a = 5.056(1) b = 6.140(1) c = 3.411(1) A
a = 95.06(1) 3 = 98.93(1) y = 78.57(1)°
The dihedral angle was found to be 2.1°.
For the deuterated compound, Thomas found the unit cell dimensions to
be:
a = 5.055(1) b = 6.138(1) c = 3.410(1) X
a = 95.05(1) 3 = 98.62(1) y = 78.57(1)°
The structure of the deuterated compound was found to be 'generally 
unchanged', except for an increase of 0.016 X in the 0 . . . 0  distance of the 
shortest (asymmetric) hydrogen bond, i.e. that linking the acid oxalate 
ions into chains. Also, Thomas found, "Small, although possibly significant, 
changes of +0.29(8)° and -0.23(8)° are observed in the 0(1)-C(l)-C(2) and 0(2)- 
0(1) -0(2) angles of the hydrogen oxalate ions. These would suggest that the iso­
tope effect in the 0(2) -H(l).. .0(4) bonds linking the HC2O4 ions is capable of 
bringing about a small distortion in the internal geometry of the ions themselves. 
Minor changes are also observed in the angl es centred on the oxygen atom of the water 
molecule." .
C2.(b)3 Sodium hydrogen oxalate monohydrate '
The structure of sodium hydrogen oxalate has been studied, using X-ray
methods, by Follner, Kanters and Kroon, 1969-1970^^,1^ 5,'1'>^ lnd by Tellgren
(156) (165)and Olovsson. Follner, Kanters and Kroon found the space group
to be PI, with too formula units in a unit cell of dimensions:
a = 6.51 b = 6.66 c = 5.70 X (±0.01 X) 
a = 95.0 3 = 109.8 y = 74.9° (±0.1°)
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The acid oxalate ion was found to be non-planar, with a dihedral angle of 
12.6°. The second more refined account by Follner- Kanters and Kroon (1970)^  ^
found the cell dimensions to be very similar to those quoted above.
The a, b and c unit cell dimensions found by Tellgren and Olovsson 
were very similar to those of the previous authors , but the a and 8 cell 
angles quoted were complementary to those given by Follner et al.
a = 6.5032(8) b = 6.6728(7) c = 5.6982(8) ft
a = 85.036(5) 8 = 109.997 y = 105.016(10)°
For the deuterated compound the unit cell dimensions were found to be:
a = 6.5013(8) b = 6.6714(5) c = 5.7157(6) ft
a = 84.913(5) 8 = 109.930(6) y = 105.004(9)°
Hie hydrated and the deuterated compound were found to be isomorphous, the 
only significant difference in bond distances being the elongation of 
0.022 ft of the shortest hydrogen bond on deuteration. The acid oxalate ions 
were found to be linked by the shortest hydrogen bond, (0-H. ..0, 2.571;
0-D...0, 2.593) into chains parallel to the c axis. The linkage was via 
oxygen atoms trans with respect to the C-C bond. The chains were linked 
into layers, located at x - 0.25 and x ~ 0.75.and parallel to .(100), by 
0-H. ,.0 bonds from the water molecules, The oxygen atoms of the water 
molecules deviated somewhat from the layers. Sodium ions, situated between 
the layers interacted with the oxygen atoms of neighbouring chains and 
neighbouring layers.
The acid oxalate ion was found to be non-planar, with a dihedral angle 
of 12.9°. The asymmetry of the short hydrogen bond, linking the acid
oxalate ions, was verified by a difference Fourier map based on the X-ray
\
data and from a neutron diffraction study.
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Three comparatively recent papers have appeared on the structure of 
potassium hydrogen oxalate by Pedersen, 1 9 6 8 , Moore and 
Power, 1971,^^and Einspahr, Marsh and Donohue, 1972.^^ The findings 
of the three studies are very similar, in general, 
n sinPedersen carried out an X-ray analysis of the compound and found 
the space group to be P2i/c, with four formula units in the unit ceil.
Unlike the lithium and sodium compounds described above, the acid oxalate 
ions were shorn to be linked into chains, parallel to the (102) planes, by 
short hydrogen bonds, 2.534(8), via oxygen atoms that were cis to each 
other. The acid oxalate ion was found to be non-planar, with a dihedral 
angle of 12,7°. Pedersen was unable to unanibiguously determine the position 
of the hydrogen atoms from a difference Fourier map, but the C-0 distances 
in the acid oxalate ion indicated "one of the oxygen atoms to be bound to 
the hydrogen atom." Pedersen recorded the IR spectra of the protonated and 
deuterated compound (see p.391). The a and c unit cell axes were found to 
increase by about 0.015 A on deuteration, from which the 0-D....0 was 
deduced to be 2.54 a , 0.005 longer than in the protonated compound. The 
different C-0 bond lengths, the IR spectra and the absence of a strong 
isotope effect upon deuteration led Pedersen to conclude that the hydrogen 
bond was asymmetric. (See table on p.390.)
{ -I s" r 7 ' \
The neutron diffraction study of Moore and Power was able to show 
that the hydrogen bond was asymmetric. The hydrogen atom was located 
1.054 X from one oxygen atom and 1.467 X from the second oxygen atoms, and 
the 0-H...0 angle was found to be 174.6°.
(54)Einspahr, Marsh and Donohue found, using X-ray methods, the 
0-H distance to be 0.87 X and the 0-H. ..0 angle to be 173.4°.
C2.(b)4 Potassium hydrogen oxalate
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for potassium hydrogen oxalate
Pederson^ -15 Moore and Power(l67)
Einspehr, Marsh 
& Donohue (54)
a 4.319 £ 4.308 X 4,3043 X
b 12.890 12.844 12.8334
c 7.660 7.630 7.6322
3 101.96° 101.98° 102.01°
Dihedral angle 12.7° - 13.92°
0-H.. .0 2.534 2.518 2.523
0-D...0 2.54 * *
•k The deuterated form was not studied.
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C3. Experimental
Sodium hydrogen oxalate monohydrate and anhydrous potassium 
hydrogen oxalate were prepared by recrystallizing commercially available 
material by slow evaporation at room temperature. Potassium hydrogen 
oxalate was deuterated by repeated recrystallization from D20. Lithium 
hydrogen oxalate monohydrate was prepared by mixing together equivalent 
quantities of lithium oxalate and oxalic acid dissolved in warm water, 
and subsequent crystallization by slow evaporation at room temperature. 
Dehydration and/or microanalysis substantiated the chemical constitution. 
Zero-layer, X-ray precession camera photographs of sodium hydrogen 
oxalate monohydrate and potass him hydrogen oxalate single crystals, 
and X-ray powder photographs of lithium hydrogen oxalate monohydrate, 
showed the samples to be the same crystallographically as described in 
the literature (see previous section).
The IR and Raman spectra were recorded in the same way as described 
for powdered neutral oxalates (see p.218). Similarly, the far-IR 
spectra were poor and those recorded by de Villepin and Novak(150,154,157) 
have usually been used to make assignments. Interference from grating 
ghosts was found to be very troublesome in the low frequency Raman 
region, especially below 60 an”1.
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C4. R esu lts  and in te r p r e ta t io n  
C4.1 O bservations
Observed IR and Raman bands o f  a c id  o x a la te s
NaHC20„*H20 LiHC20„ •H20 KHC20., KDC20 i,
IR Raman IR Raman IR Raman IR Raman
3444(vs) 3436(11)
3409(v s) 3412(28) •
3311(vs) 3314(25)
3386(ew) 3395(ew)
3260(w) 3264(2)
2900(vw)
2930(ew) ■ •
2875(ew)
2830(ew)vb
2861(1)
2750(ew) 2740(ew)
2663 (vw)
-2 4 9 0 (3 )vb -2520(ew )b ~2S00(l)vb 2500(m)b 2520(ew)b
2440(m)b
-2 3 0 8 (3 )vb 2306(w) -2350(2)vb
2405(vw) 
2330(vw) 
2265 (vw)
~24E0(l)b
2224(w) 2227(1)
2200(vw)
1983(vw) 1980(vw)b
1885(ms)b -1900(3)b
1790(ms)b
- ~19CO(l)b 1870(vw)sh
1775(w)
1882(2)b
1785(1)
1742(m) 1750(ew)sh ~1750(s)b
1722(38) 1720 FE 1722(18) 172I(mw)sh 1719(28) 1718 (vw) 1725(34)j  
1712(12) j
1702(vw) 17 06(2 )sh
16S5(m)
1702 (w)sp  
1678 FE
1702(8) 
71684 sh
1665(7)
1703(ew) 
1678 EE
1676(23)
1643(vw)sh 1 644(3)sh
-1625(mw)
1640(4)
1600(ms)
1572(9)
I520(vw)
1565(ew)b
160S(s) ?1590(vw)b
14S0(w) 1458(36)
14 70* (9 .5 )  
~14S0(ew)sh 1450*(36)
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NaHC20i, •H20 LiHC20,,-h2o KHC20 i, kcd2o„
IR Raman IR Raman IR Raman IR Raman
1434(w) 1435(68)
1427*(63) 1426 (mw)
1435(100)
1416(w) 1415(51)
1362(w) ?1370(ew)sh
1401(m)'
1417*(36.5) 
1390*(14) 1400(vw)sh
-1 4 1 4 (6 )sb
1339(w) ~1347(2)b 1339(ew)sh
1325(vw) *
• 1312(w) 
1277(m)sp
1303(2)
1287(2)
1308(ew) 
1279(w)sh 1293(2)
1234(vs)
1214(9) ' 
-1188 (2) sh
1170(ms) 
1091 (w)
1170(2)
~1078(2)bj
~ 1 0 5 7 (i)b j
1217(m)b 
1109(w)
1191(4)b 
1109 ( l ) b
1240(m) 
1108 (mw)
1230(7) ‘ 
1 1 85(3 )sh  
1114(3)
1028(m)
897(2) sh 895(5) sh
885(w)sp 885(100) 898(100) 877(vw)sp 879(100) 874 (w) 876(67) j
853(w)sp 852(30) 847(ew) 
782 (mw)
846(37)
? 7 3 0 (l)sh
857(vw)sp 860(9) 859(vw)
794 (m) 
742(vw) 
732(ew)
8 63(11)j  
.847(1) sh  
791(1)
' 717(vs)sp 710(14) 720(mw) 720(6) 720(vs)sp 719(10) 723(vw)
683(vw) 684(14)
680(mw) 685(2) sh  
621(vw)sh ?~650(ew)sh -6 3 1 (4 )
608(2) j
7670(ew )sh
601(6)
590(ms)j 591(19) 588(ms) 585(11) 589 (vw) 596 (2) j 587(w)
560(m)j
507 (m) 509(38)
49 2 (m) 496(39) 494(s) 488(35) 485 (v s) 482(45)
475(raw) 471(45)
408(w)
?462(ew)sh
416(1)
461(w)sh ?465(vw)sh
450(11)
458(w )sh
448(15)
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NaHC20„ •H20 LiHC20„-H20 KHC20„ KDC20 i*
IR Raman IR Raman IR Raman IR Raman
360(1) 361(ms) 363(5) 358(vs) 360(3)
340(mw) 341(1)
322(mw) 320(3)
282(2)
320(w) ' 318(1) 315(1)
~  268(w)
220(5) i 
205(11)
273(mw) 269(10) 
• 207(21)
268(w)b ~260(ew)**
247(1)
190-
290(s) 196(7) 
178(11) . 136­198 (vs)
• •
164 (w)
156*(102)j
166(37) -167(25)
152*(14)j 149(282) 147(160)*j
142 (vw) 141(98) 140(207) *j
134*(276)j 135(146) 13 4 (2 7 0 )*j
131*(294)j 125(209)
7120(74)
126 (235) *j 
119(154) *j
114 (m) 107*(70)j 
101* (25) j
110(1110)
92(71) S 0 (w )
105(112) *j
80 (mw) 78(23) 76(m) 82(63) 
71(-19)
*
Dupont curve a n a ly s is  was used to  estim a te  the i n t e n s i t i e s  o f  th e se  bands.
* —1 A s a t is f a c t o r y  spectrum o f  potassium  hydrogen o x a la te  was n o t obtained  in  the reg io n  below 200 cm .
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C4.2(a) Factor group analysis
The results of the factor group analysis for the acid oxalates 
studied is summarized below (for further details see Appendix 7 ).
C4.2 Spectra predicted from symmetry considerations
Summary of IR and Raman activities
Potassium hydrogen oxalate
Crystal Trans. Intra- i lattice Librations molecular 
' 1 - vibrations vibrations
Acous- Total 
tical optical Activity
C21l
Ag 6 3 15 24
2 2 2 x ,y ,z ,xy
Bg 6 3 15 24 xz,yz
A 5 3 u 15 1 23 z
B 4 3 u 15 2 22 x,y
Sodium hydrogen oxalate monohydrate
Crystal T .. ^„., .. lattice Libraxions molecularsymmetry vibrations vibrations
Acous- Total 
tical optical Activity
Ci
A 9 6
to
18 33 2 2 ?  x ,y ,z »xy,yz
xz
A ,  6 6 18 3 30 x,y,z
- 437 -
Lithium hydrogen oxalate monohydrate
Intra- 
Librations molecular 
vibrations
Acous- Total 
tical optical Activity
C1
A 6 6 3 ?z“,xy,yz,xz
04.2(b) Intramolecular vibrations
Lithium hydrogen oxalate monohydrate is an example of the lowest 
possible symmetry that can be obtained; the water and acid oxalate ions 
occupy sites, only one formula unit occurs in the primitive cell and 
the factor group is C^ . Consequently all vibrations are of the same 
symmetry, A, which is IR and Raman active.
Both sodium hydrogen oxalate monohydrate and potassium hydrogen 
oxalate belong to centrosymmetric space groups. For the sodium 
compound, the water molecules and the acid oxalate ions have site 
symmetry, and, with two formula units in the primitive cell, one 
component of each vibration will be IR active and the second Raman 
active. The IR and Raman components should not occur at the same 
frequency, but the difference may not be detectable. Very similar 
considerations apply to potassium hydrogen oxalate. Again the site 
symmetry of the acid oxalate ion is C^ , but there are four formula 
units in the primitive cell and the factor group is C^, so that there 
are four non-coincident components, two Raman active and two IR active.
04.2(c) Intermolecular vibrations
Librations have the same activities as the intramolecular vibrations
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For lithium hydrogen oxalate monohydrate, there are six IR and 
Raman active translational vibrations. The three acoustical modes are 
of Au symmetry for sodium hydrogen oxalate monohydrate, so that only six 
of the nine Raman active translations have IR active components.
Similarly for potassium hydrogen oxalate, two and one Au components 
constitute 'the acoustical modes.
It can be seen from the above descriptions that the low site and 
factor group symmetry lead to predicted activities that are not very 
different for these acid oxalates except for some of the translational 
modes. Although the IR and Raman activity of the vibrations of the 
lithium compound may seem a clear contrast to the non-coincidence 
predicted for the IR and Raman components of the sodium and potassium 
compounds, the molecular interactions may not necessarily cause the 
components to be separated by more than the usual experimental errors 
that cause coincidence of theoretically non-coincident IR and Raman bands.
C4.5 Band assignment
C4.3(a) Introduction
The structural differences and especially the effects of strong 
hydrogen bonding cause the spectra to look very different, but comparison 
of the lithium sodium and potassium compounds does show that some 
relatively strong bands occur at about the same frequencies for all of 
them. These can be associated with the intramolecular vibrations of the 
acid oxalate ion. Water vibrations, both intra- and inter-molecular, 
are indicated by comparison of the anhydrous potassium hydrogen and
for the compounds described above.
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deuterium oxalates with the hydrated sodium and lithium hydrogen oxalates. 
The lithium ion translations occur in the same region as the lowest 
frequency acid oxalate deformations, but their identity can he found by 
comparison with the sodium and potassium compounds.
The IR and Raman studies of de Villepin and Novak^^^'^5'^ '^  have 
been much more extensive than was possible in the present study, and, 
where helpful, their results obtained at low temperature and with isotopic 
substitution will be used to augment data from this study.
The assignment of fundamental vibrations will be followed by a more 
detailed account of the individual compounds.
C4.3(b) Intramolecular acid oxalate ion fundamentals
C4.3(b)l The C-0 stretch vibrations
Crystallographic studies (see Section C2(b), p.419 ) have shown 
that the acid oxalate ion, for the compounds considered here, has one CO^  
group with two similar C-0 bond lengths, and so roughly approximating to
a carboxylate group, '^ 0 and a second CO2 group with two distinctly
0different C-0 bond lengths and approximating to a carboxylic group, C\q-H• 
It has already been shown (see p,90 ) that for the acid oxalate ion in 
solution two bands occur at the frequencies 1643 and 1420, close to those 
expected for the va(C0) and vs(C0) modes of a carboxylic acid salt. 
Similarly, the 1722 and 1250 bands assigned to v(C=0) and v(C-O) were not 
very different from those expected for a carboxylic acid.*-55a>8^  The 
effect of the strong hydrogen bond in the crystal would be expected to 
relatively weaken the too CO bonds with oxygens involved in the 0-H.. .0 
bond, and so modify these band positions.
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The band approximately described as the vC=0 vibration can be 
assigned to the IR band observed at 1742 and the Raman band observed at 
1722 for sodium hydrogen oxalate monohydrate. Factor group analysis 
shows that the band observed in the IR would not be expected to be 
coincident with the Raman band, and since another strong band is not 
expected to be observed in the Raman in this region, the 20 au 1 difference 
in frequency is attributed to factor group splitting. For lithium hydrogen 
oxalate monohydrate, the 1722 Raman band is almost coincident with the IR 
window at 1720, and, in the absence of other suitable bands, these can be 
assigned to mC=0. Potassium hydrogen oxalate has an IR band at 1721 and 
a Raman band at 1719. Corresponding bands are seen at 1718, IR, and 1725, 
Raman, for potassium deuterium oxalate.
The vC-0 band can be assigned to the 1234 IR band and the 1214
Raman band of sodium hydrogen oxalate monohydrate. The 1170 IR and Raman
bands of lithium hydrogen oxalate monohydrate can be similarly assigned.
For the potassium compounds the assignment is not as readily made. The 
protonated acid oxalate has IR bands at 1217 and 1277 and Raman bands at 
1191 and 1287, whilst tire deuterated compound has IR bands at 1240 and 
1279 and Raman bands at 1230 and 1293. Assuming that the vC-0 band is 
not coupled to another band involving significant hydrogen movement, 
then it is more probable that the bands between 1277 and 1293 can be 
assigned to vC-0 as they show the least effects on deuteration. Also, 
the results of de Villepin and N o v a k s h o w  that lowering' of temperature 
causes little shift in the higher frequency IR bands, but the lower 
frequency IR band is shifted 30 cm-1 to lower frequency for the protonated
compound and 20 cm-1 for the deuterated compound.
The C-0 stretching vibrations of the -CO?H group
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The 1600 IR and. 1572 Raman bands of sodium hydrogen oxalate mono­
hydrate can be assigned to v (C-0). Both bands are wide, so that the
a.
difference in frequency between the IR and Raman bands may not be as 
large as the above positions seem to indicate. For lithium hydrogen 
oxalate monohydrate the IR band at 1655 was the only band observed in 
this region, although the 1722 Raman band could be masking a weak peak. 
Deuteration does not affect the position of the 1678 window in the IR 
spectra of the potassium acid oxalate, whereas the 1605 IR band of the 
protonated compound is not readily associated with a band in the 
deuterated compound. The 1676 Raman band of the deuterated compound and 
the 1665 Raman band of the protonated acid oxalate probably correspond 
to the IR window at 1678.
The region about 1400-1450 is probably complicated by the 6OH band
also occurring in the same region as the vs(C-0) band. Sodium hydrogen
oxalate monohydrate has two weak IR bands at 1416 and 1450 and two Raman
bands at 1415 and 1458. De Villepin and Novak found similar bands in
their spectra (at ~I80°C) for the hydrated compound, but only one IR
band at 1433 and one Raman band at 1436 for the deuterate. Since all IR
bands are A and all Raman bands A , the two bands of the hydrated u g» 7
compound in the same spectrum would be expected to be considerably 
mixed, so an assignment of one of than to the v's(C-0) vibration and the 
second to the 6OH is rather artificial. Lithium hydrogen oxalate has 
one band in this region, at 1434 in the IR and 1435 in the Raman. The 
deuteration study of de Villepin and Novakshowed that this band 
was not substantially shifted on deuteration. The effects of deuteration 
on this region of the spectrum of potassium acid oxalates is somewhat 
similar to that observed for the acid oxalate ion in solution. The
The C-0 stretching vibrations of the -CO? group
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region between about 1400 and 1460 in the Raman spectrum o£ the 
protonated solid consists of one broad band that is obviously composed 
of several overlapping pealcs of moderate to weak intensity. Deuteration 
has the effect of simplifying the band and increasing the relative 
intensity so that the 1435 band is the most intense in the spectrum and 
can be readily assigned to the vs(C-0) band. The 1426 IR band probably 
corresponds to the IR active components. Using the Dupont curve 
resolver it was possible to resolve the 1390-1460 complex band of the 
protonated compound into four components (see Table, pp.425-426). The 
spectra obtained for the single crystal were also considered during the 
curve resolution. (For consideration of this region of the single 
crystal see p.583 onwards and spectra, pp.549-552.)The 1427 band can 
be assigned to vs(C-0). . .
04.3(b)2 The C-C stretching vibration.
The band approximating to the v(C-C) vibrations is readily assigned 
to the Raman band observed in the region 875 to 900. Except for 
potassium deuterium oxalate, it is the most intense Raman band in the 
spectra. For the sodium and potassium acid oxalates the IR active 
components of the band appear as sharp, very weak bands. In all of the 
acid oxalates studied, the very strong Raman band is accompanied by a 
second moderate to weak band between about 846 and 863. A corresponding 
very weak band is observed in the IR spectra. For lithium hydrogen 
oxalate monohydrate, only the band corresponding to the weaker Raman 
band is observed in the IR spectrum. Factor group analysis shows that 
the second IR and Raman bands of the lithium and sodium compounds cannot 
be explained as components of the v(C-C) vibration, so the bands must be 
assigned to combinations. It seems probable that for the potassium 
compounds it is also due to a combination.
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In a similar way to that described for the C-0 stretching vibrations, 
the angle deformations can be approximately assigned to deformations of 
the -C02~ and -C02H groups. Deuteration shifts the very strong, sharp 
720 IR band of potassium hydrogen oxalate to 683, whereas the strong 494 
IR band is shifted to 485. Thus the former bands can be approximately 
described as S(C02H) and the lower frequency bands as <5(C02) . The Raman 
band at 719 shifts to 684 on deuteration and the 488 band to 482. The 
sodium compound also has a very strong, sharp band at 717 and a Raman 
band at 710. Two bands are observed at 492 (IR) - 496 (Raman) and
475(IR) - 471(Raman) that could be assigned to the ~C02 deformation.
Q50)De Villepin and Novak'' ■ showed that neither of the bands was 
substantially shifted by deuteration. The higher frequency band is 
probably better described as the 6(C02) mode, but it must be considerably 
mixed with the loiver frequency band.
Unlike the other acid oxalates, the 720 IR band of lithium hydrogen 
oxalate monohydrate is only of moderately weak intensity and the Raman 
band is also weaker. De Villepin and Novakobserved that it was 
shifted by deuteration in a similar way to the corresponding bands of the 
potassium and sodium canpounds. The 6(C02) mode is assigned to the 507 
IR band and the 509 Raman band.
(C4.3(b)4 The -C02~ and ~C02H rocking vibrations
All four of the acid oxalates studied have IR and Raman bands In 
the region 585 to 601 that can be assigned to the higher of the two 
rocking vibrations. For the lithium and sodium compounds the IR bands 
are moderately strong and the Raman bands are of moderate intensity. In 
contrast the 589 IR and 596 Raman bands of potassium hydrogen oxalate
C4.3(b)3 The -C02 and -C02H group angle deformations
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are both very weak, but no other bands have been observed in the region. 
The 537 IR band of potassium deuterium oxalate is also weak. The Raman 
component can probably be assigned to the band observed at 601.
The second rocking vibration can probably be assigned to the IR and 
Raman bands observed between 448 and 475. For sodium hydrogen oxalate 
monohydrate, the 475 IR band is moderately weak and the 471 Raman band 
is strong. The corresponding bands are assigned to the 458 IR and 448 
Raman bands of potassium deuterium oxalate. For the protonated potassium 
compound, the IR band is observed at 461. In the Raman spectrum a very 
weak shoulder is observed at 465 and a moderately weak band at 450.
From the intensity it seems more likely that the 450 band corresponds to 
the rocking vibration fundamental.
No bands are clearly observed in the 450-475 region of the IR or 
Raman spectra of lithium hydrogen oxalate monohydrate. . However, there 
does seem to be an extremely weak shoulder at about 462 on the much 
stronger 509 Raman band and the 507 IR band is somewhat asymmetric, which 
suggests there may be a very weak absorption on the low frequency side of 
the band. De Villepin and N o v a k d i d  not observe the Raman shoulder 
at 462, but they did observe two Raman bands at 507 and 517, at room 
temperature, and the 507 IR band was found to split into bands at 507 
and 516 at 90° K, so it is possible that these IR and Raman bands 
correspond to the CO2 deformation and the lower frequency rocking mode.
The deformation modes, assigned to bands at about 720 and 500, 
were approximately described as SC02H and the SC02, respectively, from 
their behaviour on deuteration. The effect of deuteration for the two 
rocking modes can be compared for the potassium compound using data from 
this study, and for the lithium, sodium and potassium compounds using the 
data of de Villepin and Novak.
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v(protonated) - v(deuterated) for the acid oxalate rocking vibrations—'•* — ...  - ' — 5* - ...  ...  •
**De Villepin and Novak Thisstudy
Band
Na+ (24) Li+ (217) K+ (154) K+
IR 13 19 f* 2
585-601 o *Raman . 5 17 16 or -7 7
IR 4 ® 5 6 3
448-475 t
Raman -2  ^ 9 7 y 2
oData collected at room temperature for potassium compounds, -180 C 
for sodium compounds and at 90° K for lithium compounds.
* Two IR components were assigned, but only one Raman component at 
595 for the deuterated and two Raman components, at 611 and 588, for 
the protonated compound.
1 The deformation and rocking bands are bracketed together, and also 
the shifts associated with a particular band are not clear (see table, 
p.401). For the hydrated compound IR bands were observed at 516 and 
507, Raman bands at 503, 512 and 521, and for the deuterated compound 
IR bands at 507 and 501 and Raman bands at 507 and 514. This data 
could be interpreted as the IR bands shifting by 9 and 6 cm 1, and 
the Raman bands by 5 and 7 cm"”1 if the lowest Raman band is ignored.
From the data of de Villepin and Novak it would seem that the higher 
frequency rocking mode is more affected by deuteration, whereas from the 
results of this study, for potassium acid oxalates only, the differences 
are probably not significantly above experimental error, except for the 
Raman bands at 601-608.
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Potassium acid oxalates have a strong IR and a weak Raman band at 
about 360 which can be assigned to the higher frequency wagging mode.
The second wagging mode can probably be assigned to the 320 IR and 318
Raman band observed for the protonated compound. The deuterated oxalate
was observed to have a Raman band at 315. The corresponding IR band 
was not observeds but since this is a difficult region for the IR* and
the far-IR spectrum was not recorded, a weak band may have been
undetected. Also, de Villepin and Novak observed a weak IR band at 
315.
Lithium hydrogen oxalate monohydrate has a weak Raman band at about 
360, that can probably be assigned to one of the wagging modes. The 6Li 
substitution results of de Villepin and Novak ^ can be used to 
distinguish the Li‘ translational vibrations from the low energy 
deformations of the acid oxalate ion. (The results can be used without 
necessarily accepting their isotopic ratios, since the isotopic ratios 
depend on the interpretation given to the observed bands. Assuming the 
crystal forces are identical, to a good approximation, the maximum ratio 
will be the 1.080, for a vibration that is unmixed or mixed only with
•j*other Li translations.) In this study a band was seen at 360 in the 
Raman only, whereas de Villepin and Novak observed a band at 352 in the 
IR only. (It has been noticed in several places that de Villepin and 
Novak have not observed a Raman band corresponding to an IR band, but 
the Raman bands have been observed in this study (see also p.403 ))
If it is assumed that these bands are due to the same vibration, then 
the isotopic ratio for sLiHC20i,*H20 to 7LiHC20i**H20 of 1.014, obtained 
from their data at 90°K, supports the assignment to a mode essentially 
of the acid oxalate ion. The second wagging mode can probably be 
assigned to the band at 273 in the IR ana 269 in the Raman. (Unlike the
04.3(b)5 The -CO., wagging vibrations
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present study, de Villepin and Novak observed two IR bands at 271 and 
279, and the lower frequency band was assigned to wCCO^ ) from the 
behaviour on isotopic substitution.)
Unlike the potassium and lithium acid oxalates discussed above, a 
band was not observed at about 360 for sodium hydrogen oxalate mono­
hydrate. However, the IR and Raman band observed at about 320 probably 
corresponds to the bands observed at the same position for the potassium 
acid oxalates and can be assigned to one of the wagging modes. The 
assignment of the lower frequency wagging mode to bands about 269-273 
suggests that the 268, IR, and the 282, Raman, bands could be due to the 
corresponding vibration for the sodium compound. Since a band about 270 
was not observed for the anhydrous sodium acid oxalate, de Villepin and 
Novakpreferred to assign the bands they observed at 287 in the IR 
spectrum of the hydrate and at 281 for the deuterate to a H20/D20 
translation, and an IR band observed at 226-234 to the ^ (G^) mode. .
04.5(b)6 The C-C torsional vibration
If it is assumed that both C-0 linkages of the -C02~ group are 
identical, then the calculation of the torsional frequency approximates 
to the case of a two-fold barrier to rotation. MINBO/3 calculations (see 
Appendix 6) indicated that the most stable configuration of an isolated 
acid oxalate ion was non-planar with a dihedral angle of 90°; the heat 
of formation of the latter being about -207.1 kcal/mole and 
-217.9 kcal/mole for the planar ion. The torsional frequency was 
calculated to be 113 cm 1. The strong intermolecular hydrogen bonds 
might be expected to increase this frequency in the solid acid oxalates.
The x(C-C) can probably be assigned to the Raman bands observed in 
this study at 105-106 for the potassium acid oxalates, and the IR bands
observed at 109-112 by de Villepin and N o v a k . F o r  the sodium 
compound a Raman band has been observed at 107 and the corresponding IR 
band at 114. The 110 Raman band of lithium hydrogen oxalate, with the 
IR band observed at 115 by de Villepin and N o v a k c a n  also be 
assigned to the x(C-C) mode.
C4.5(c) Vibrations associated with the -OH group of the acid oxalate ion
All of the acid oxalates studied clearly show the broad bands and 
absence of OH absorption above 3000, i.e. except for that obviously 
connected with the presence of water. The downward shift of the GH 
stretching frequency is invariably accompanied by an upward shift of the 
in-plane and out-of-plane GH deformation bands. For the acid oxalate 
ion in solution the in-plane, 6(OH), vibration was assigned to the band 
at 1375 that shifted to 1061 on deuteration (see p.97 ). The stronger 
hydrogen bonding in the crystal would be expected to cause the band to 
shift to higher frequency and comparison of the 1390-1450 region of the 
protonated and deuterated potassium acid oxalates shows that a fundamental 
change in the pattern of the Raman bands occurs. The complicated band 
form of the hydrogen oxalate can be resolved (with a Dupont curve 
analyser) into four bands at 1450, 1427. 1417 and 1590. (The
number and positions of the component bands are supported by the single 
crystal data.) The absence of the band about 1450 in the IR and the 
Raman spectra of the deuterated compound indicates that it can be 
assigned to 6(OH). The 6(OD) vibration can be assigned to the 1108, IR, 
and 1114, Raman, bands. The isotopic ratio of 1.31 for the crystalline 
sample can be compared with 1.29 for potassium acid oxalates in H20 and 
D20 solutions.
Sodium hydrogen oxalate monohydrate has two strong Raman bands at 
1415 and 1450, with corresponding weak IR bands at 1416 and 1450. As
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previously discussed (see p.441), one of these can be assigned to v (C-0) 
and the second to 6(OH), but as they are obviously strongly coupled it 
is not possible to associate one of them in particular with the 6(CH) 
vibration. As in the case of the potassium acid oxalates, the results 
of de Villepin and Novak show that the deuterated compound has a simpler 
spectrum in this region. The band remaining, at 1436, was much stronger 
than either of the too bands they had observed at 1422 and 1455. The 
frequency of the remaining band is not far removed from the mean 
frequency of the too bands of the hydrated compound. This assignment 
seems more satisfactory than the alternative possibility that the vs(CO) 
band was in resonance with the overtone of the 6 (C02H) band, since 
2(717) = 1434 (but such an overtone could account for some of the 
scattering by potassium hydrogen oxalate).
The 6(OH) band of lithium hydrogen oxalate monohydrate is not 
readily assigned. Since the hydrogen bond is shorter for the lithium 
compound than for the sodium and potassium compounds, it would be . 
expected that 6(OH) would occur at a higher frequency, Close inspection 
of the IR spectrum between the v (CO) band at 1434 and the broad v (CO)S cl
band at 1655 reveals a very weak broad band at about 1520 superimposed 
on the lower frequency portion of the 1655 band. In the Raman spectrum 
the elevation of the base line between the 1722 and the 1435 bands 
indicates that weak scattering is occurring, probably centred about 
1565. It is probable that these bands about 1520-1565 can be associated 
with the 6 (CK) vibration.
The y(OH) vibration is often approximately 'pure’, so that an 
isotopic ratio close to that expected for an isolated hydrogen bond can 
be anticipated. The 794, IR, and 791, Raman, bands of potassium 
deuterium oxalate do not have corresponding bands in the spectra of the 
protonated compound and so they can be assigned to the y (OH) mode.
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An isotopic shift of /2 would give a band at 1121. A band is observed at 
1109 in the IR and Raman spectrum of the hydrogen oxalate. It may be 
noticed that the hydrogen oxalate has IR and Raman bands at 1109 and the 
deuterium oxalate bands at 1108-1114. The isotopic shifts and the general 
pattern of these bands for the acid oxalates confirms their assignment to 
different vibrations.
The band at 1028 in the IR spectrum of sodium hydrogen oxalate 
monohydrate can be assigned to y (0H). The corresponding Raman band was 
not observed with the powdered samples, although some of the single 
crystal spectra suggest that a very weak broad band is occurring in the 
region 1040-1080. The y(CH) vibration of lithium hydrogen oxalate 
monohydrate can be assigned to the IR band at 1091 and the broad Raman 
band at about 1078. It might be expected that the y(OH) frequency of the 
lithium compound would be higher than that of potassium hydrogen oxalate, 
since the 0...0 distance of the former is shorter. The observed 
frequencies can probably be accounted for by the very different crystal 
structures of the compounds, notably the hydrogen bond being cis, with 
respect to the C-C bond, for potassium hydrogen oxalate. Also, the 
comparison of 0...0 distances neglects variations in the 0-H...0 angle.
The v(OH) vibration cannot be assigned to a particular band for any 
of the acid oxalates studied. A very rough estimate of its position can 
be made as the ill-def ined maximum of the very broad band underlying the 
acid oxalate fundamentals. For potassium hydrogen oxalate this is about 
1490 in the IR spectrum and about 1540 in the Raman spectrum. The IR 
maximum is located about 1470 and the Raman about 1620 for the deuterated 
potassium acid oxalate. The 150 cm-1 difference in frequency between the 
IR and Raman positions probably reflects the difficulty in estimating the 
positions rather than a real difference of this magnitude, although the
oxalate monohydrate the maximum is about 1650 in the IR spectrum and at 
about 1620 in the Raman spectrum. The v(0H) band can be located about 
1420 in the IR spectrum of lithium hydrogen oxalate monohydrate. The 
broad background associated with v(0H) band, and the sub-maxima 
accompanying it, are very weak in the Raman spectrum.. The v(OH) band 
probably occurs in the region about 1500.
The origins and breadth of the broad bands observed in the spectra of
compounds containing strong hydrogen bonds has been the object of much
work over many years and a number of theories have been put forward.
(Detailed. discussions of most aspects of hydrogen bonding can be found in
"The Hydrogen Bond". Most of the broad bands and sub-maxima observed
in this study, that cannot be assigned to fundamental vibrations, are of
frequencies that correspond to combination and overtone bands, and in the
detailed assignments of the individual compounds these bands have been
assigned in this way. In their studies of the acid oxalates de Villepin 
fl50 154 157)and Novak^  J have also assigned these bands to combination and
overtone bands, usually in a rather general way without attempting an
assignment to a particular pair of fundamentals. They refer to the papers
("155 17CDof Haurie and Novak^  5 ' J where detailed assignments were made of
similar bands for acetic acid and various deuterated acetic acids. Since 
these papers have been published it has been shown that the simple 
interpretations cannot explain the general band contours observed for 
acetic acid, and it is necessary to use a strong coupling approach (which 
can include such effects as Fermi resonance), as described by Marechal 
et al. In the same way, the frequencies of the sub-bands observed
for the acid oxalates probably cannot be fully described in terms of simple 
combination and overtone bands.
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latter has been observed in scmie systems. For sodium hydrogen
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C4.3(d) Lattice vibrations of the acid oxalate ion
Comparison of observed bands of the acid oxalates below 230 cm"1
L iH C ^O i* •H20 NaHC20 , •H20 KHC20 4 KDC20it
• *f*A c c i  rrrrmon"f~
IR** Raman IR** Raman IR** Raman IR** Raman
" JlIIcilL
220 T1 (Na+)
(213) 207 205 T1 (H20)
196 T2(N a 'V
(186) T3 (Na+) 1f
(186) (185) T1(K+)
177 t 2(k+)
(175) 178 T2(H20)
167 -167 R4(H0X)
166 164 t 3(h20 ) §
156 154 T3(K+) o r 2T1(H0X)
156* 2T1 (H0X)
149 152* (150) 147 (150) 147 R1(H0X)
141 w(C02)-R(H0X)
140 140 T-j (HOX) + T2(H0X)
(131) 135 131 134 134 R2(H0X)
125 131 124 126 R3(H0X)
?120++ T1(H20) -  T4 (H0X)
116 2T5(H0X)
119 2T2(H0X)
(115) 110 114 107 (112) 106 (109) 105 t (C-C)
92 101 101 t 4 (H0X)
90 89 (90) R6(H0X)
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LiHC2<VH20 NaHC20it *H20 KHC204 KDCaO*
t-------------------------      Assignment
IR** Raman IR** Raman IR** Raman IR** Raman
80 78 76 79 (76) 82 T^HOX)
R.,(H0X) - T r (HOX) 
69 and
R-^ HOX) - T1(H0X)
R7(H0X) - T?(H0X) 
=134 - 61 = 73 
• 71 and
R-, (HOX) - T. (HOX) 
=150 - 76 i 74
62 (61) T2(H0X)
54* 57 T5(H0X)
41 (43) . T3(H0X), T6(H0X)
The bracketed bands were taken from the observations of de Villepin 
and Novaki150’154’157)
* These bands were observed in the single crystal studies (see p.506)-
This assignment assumes that the 186 IR band observed by de Villepin 
and Novak is different from the Raman band observed at 196 in 
this study.
The 120 band may have been a 'ghost*. Ghosting also obscured the 
region belo\f 60 cm-1.
•J* The band numbering refers to the potassium acid oxalates.
 ^See text for an alternative assignment.
A larger number of bands has been observed for potassium acid oxalate 
than for the sodium and lithium compounds, in agreement with the predictions 
of factor group analysis for lattice vibrations (see Appendix 7 and p.438) .
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All of the compounds show three or four Raman bands and one IR band in 
the region 124-152. Three of the Raman bands and the corresponding IR 
band, where observed, can be assigned to librational modes for all of the 
compounds. For the potassium acid oxalates the fourth band, at 140, can 
be assigned to the combination, T^ (HOX) + T2(H0X) = 79 + 62 = 141. The 
141 band of lithium hydrogen oxalate monohydrate is considerably less 
intense than the other three bands. It is not readily assigned, but it 
could be accounted for as the difference band w(C02) -R^ I-IOX) 269 - 125 
- 144. However, the corresponding combination band has not been assigned, 
but it would be expected to be observed in the region between the very 
wide 416 and 360 bands and so possibly could have been obscured. For the 
potassium acid oxalates the bands at 167 and at about 90 can also be 
assigned to librational modes of the acid oxalate ion.
The six translational vibrations of the acid oxalate ion, in potassium 
hydrogen oxalate, can be assigned to the Raman bands at 101, 79, 62, 57 
and 41, where the 41 band is assigned to two overlapping modes. For the 
deuterated compound a Raman band was observed in this study at 82, 
assigned as T^(HOX). The region below about 60 cnf1 was obscured by 
ghosts, but for Raman bands observed at 61 and 4-3, by de Villepin and 
Novak, the former can be assigned to '^ (HOX) and the latter to the
overlap of T^ (HOX) and T - (HOX). They also observed an IR band at 76 that 
can be attributed to Tj (HOX), The three translational modes of the sodium 
compound can be assigned to the Raman bands observed at 101, 78 and 54, and 
a corresponding IR band at 80. The Raman band at 92 was the only band 
observed in this region for lithium hydrogen oxalate.
The librations and translations were assigned with the help of the 
single crystal studies, see Sections D1.4.4(c) and (d), pp.538-540 and 
Sections D2.4.4(b) and (c), pp.593-596 . The characteristics revealed by
these studies indicated that general ideas of frequency and intensity were
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not sufficient to assign the intermolecular acid oxalate ion vibrations. 
For example, the single crystal studies indicated that the weaker 152 
band in the Raman spectrum of sodium hydrogen oxalate monohydrate was 
more likely to be a fundamental than the more intense 156 band, and, the 
41 band of potassium hydrogen oxalate should be assigned to the 
overlapping of two translational components.
C4.3(e) Cation translations
Comparison of the spectra of lithium, sodium and potassium acid 
oxalates enables the highest frequency lithium translation to be assigned 
to the 408 IR - 416 Raman band, and a second translation to the 340 IR - 
341 Raman band. These assignments are supported by the iso topic ratios 
obtained with 6Li substitution by de Villepin and Novak. Comparison
with the positions of the lithium ion translations found for the neutral 
lithium oxalate suggests that a third translational mode might be expected 
to be found at about 500 but there are no bands in this region that have 
not been assigned. (The band at 508 has been assigned to the C02 
deformation. This is usually a strong band so it is very unlikely that 
it would not be observed,) The results of de Villepin and Novak indicate 
that the IR band observed by them at 288 (at 90°C) , was shifted to 301, 
giving a 6Li/7Li isotopic ratio of 1.045, and deuterium substitution 
noticeably lowered the frequency. They recorded two IR bands at 281 
and 288 at 90° K that shifted to 271 and 279 at room temperature, and a 
Raman band at 274 at 90'J K that shifted to 281 at room temperature. 
However, in the present study only one IR band was observed at 273 and a 
Raman band at 269, and these were assigned to u)(C02) .
From mass considerations alone, i.e. assunnng similar crystal forces 
are acting on the cations in different acid oxalates, the two lithium ion 
translations can be used to predict that sodium ion translations will be
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observed about 227 and 188 and potassium ion translations will be observed 
at about 175 and 144 cm-1. The Raman bands at 220 and 196 were assigned 
to the sodium ion translations. If the IR band observed at 186 by de 
Villepin and Novak is due to a different mode from the 196 Raman band 
observed in this study, it could be the third sodium translation.
The Raman bands observed at 177 and 156 for potassium hydrogen 
oxalate can probably be assigned to potassium ion translations. The IR 
bands observed by de Villepin and N o v a k a t  186 for potassium hydrogen 
oxalate and at 185 for potassium deuterium oxalate, may also be due to 
potassium ion translations. Conversely, these two bands and the 186 band 
they observed for the sodium acid oxalate could be assigned as combinations 
of T1(H0X) and r(C-C) .
C4.3(,f) Water bands
The v„(H20) band can be assigned to the 3444 IR band and 3436 Raman
a.
band, and vs(H20) band to the 3409 IR and 3412 Raman bands of sodium 
hydrogen oxalate monohydrate. For lithium hydrogen oxalate monohydrate 
only one band is observed at 3311 in the IR and 3314 in the Raman. Since 
the lithium compound has only one formula unit in the primitive cell, 
whereas sodium has two, these observations might be taken as indicating 
that the observation of two bands for the sodium compound was due to 
factor group splitting. However, factor group analysis indicates that for 
a vibration of the isolated water molecule, two components are predicted 
in the crystal, one IR active and the second Raman active. Hence, the two 
bands observed in the same spectrum must be assigned to v (H20) and v (H20) .
d- j
The 6 (HOH) vibration can be assigned to the very weak 1644 IR and 
Raman bands of sodium hydrogen oxalate monohydrate. The corresponding band 
for the lithium compound is probably lost in the very wide absorption 
centred about 1655.
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For the sodium compounds, the bands at about 682,IR and Raman, and 
the IR band at 560 can be assigned to the water librational modes. 
Dehydration did not reveal the third librational band. The deuteration 
study of de Villepin and Novak showed a new band to occur at 454, so 
possibly the very weak Raman shoulder at about 621 can be assigned to a 
water libration. This is a region of very strong absorption in the IR, 
so the corresponding band may not be obvious. Dehydration causes not 
only a simplication of the band pattern but also a movement of the bands. 
Two water librational bands of lithium hydrogen oxalate monohydrate can 
be assigned to the 782 IR band and the . 631 Raman band. There may be a 
very weak IR band almost lost in the moderately strong 588 band that 
corresponds to the 631 Raman band. The very weak Raman shoulder at about 
730 is probably due to water also.
The Raman bands observed at 205 and 207 for the sodium and lithium 
compounds, respectively, can probably be assigned to translational modes 
of the water molecules. The 213 IR band of lithium hydrogen oxalate
r 157")monohydrate, observed by de Villepin and Novald J is probably due to 
the same vibration as the 207 Raman band. Assuming their results are 
correct, the lithium and hydrogen isotopic substitutions indicated that 
the lithium ions also were considerably involved. It is possible that a 
second translation of the water molecule can be assigned to the Raman band 
observed at 178 for sodium hydrogen oxalate monohydrate and the IR band 
observed at 175 for the lithium compound by de Villepin and Novak. This 
band was found to be shifted by deuterium substitution but not by lithium 
isotope substitution. The 164 IR band of sodium hydrogen oxalate 
monohydrate and the 166 Raman band of the lithium compound may correspond 
to a third water translation, or it may attributable to non-fundamental 
vibrations. For the lithium compound it could be due to the difference 
mode 6(C02) - T2(Li+) = 509 - 341 = 168. The corresponding combination
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band was assigned to the Raman band at 846 and the IR band at 847. The 
164 IR band of sodium hydrogen oxalate monohydrate could be assigned as 
the combination t(C-C) + T^ (HOX) = 114 + 54 = 168. (The T,-(HOX) nomen­
clature refers to the general table designations, if the sodium compound is 
considered alone it should be referred to as T-j(HOX) .)
04.3(f) Summary .
Acid oxalate ion fundamental assignments
Assignment
NaHC20^H20 LiHCzO^ Hj-O KHCzOt* KDC20it
IR Raman IR Raman IR Raman IR Raman
v(0=0) 1742 1722 1720 1722 1721 1719 1718 1725
v„(C-0) 1600 1572 1655 - 1678 1665 1678 1676
v (HO) * 1650 1620 1420 -1500 1490 1540 1470 1620
6 ((B) 1450 1458 -1520 -1565 -1450 1451 1108 1114
vs(C~0) 1416 1415 1434 1435 - 1427 1426 1435
v (C-O) 1234 1214 1170 1170 1277 1287 1279 1292
Y(0H) 1028 - 1091 -1078 1109 1109 794 791
v(C-C) 885 885 - 898 877 879 874 876
6 (C02H) 717 710 720 720 720 719 O' CO w 684
P(C02) 590 591 588 585 589 60S 587 601
S(C02) 492 496 507 509 494 488 485 482
p(C0z) 475 471 - ?462 461 450 458 448
oj (C02) 322 320 - 360 361 363 358 360
«(C02) -268 282 273 269 320 318 - 315
t(C-C) 114 107 _i 110 106 _+ 105
The assignment of intermolecular vibrations is tabulated in the
table, pp.452-453.
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The v(OH) frequencies are the approximate centres of the broad band 
that seems to be beneath the other bands.
+ De Villepin and Novak observed IR bands in this region, see the 
tables, pp.
With the exception of the vibrations predominantly involving the 
OH group, the above table shows the close similarity of the frequencies 
of the fundamental vibrations of the acid oxalates studied. The position 
of the v„(C-0) mode of the sodium compound is noticeably lower than forcl
the others, however, the behaviour on dehydration supports this assignment 
rather than to the band at 1643. The assignment of the t(C-C) mode to the 
bands seen in the 105-114 region is rather tentative, being based on the 
calculated position (see Appendix 10 ), and the presence of IR bands at 
about the same frequency. It is likely that the torsional vibration would 
involve a greater change in dipole moment than in polarizability. so it 
would be expected to be observed in the IR spectrum as well as the Raman 
spectrum. The only other possibility for the assignment of r(C-C), where 
IR bands appear as well as the Raman bands, would be to bands in the 
131-150 region.
The pattern of the lower frequency bands is also very similar for the 
compounds studied. (This may be partly illusory, since a large number of 
bands is croxvded into a narrow frequency range.) The number of observed 
bands was in excess of the number permitted, as deduced by factor group 
analysis. Due to the low frequency of the bands it is necessary to assign 
three to difference modes. This was not very satisfactory since the 
corresponding sum bands were not assigned. An alternative explanation 
would be that these were sum bands with unobserved very low frequency 
vibrations, such as the acoustical modes. With a large number of low 
frequency bands it is not impossible that unusual combinations of the sort
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v- + v. - v- could occur. For such an 'upper stage' band the vibration.j1 J 1
is excited in the upper state only, whereas the vibration i is excited in
the upper and the lower states. If there were no coupling between i and
j then + v. - would have the same frequency as v., and the same 
3 3
transition probability since only v• changes. The intensity ratio of 
+ Vj - \k to Vj primarily depends upon the Boltzmann relationship, 
-AE/lct, where AE is the energy difference of the v- = 1 and the = 0 
levels), relating the population of the = 1 to the = 0. Coupling 
between the i and j levels also affects the intensities. If AE is small, 
as in the case of the lattice vibrations, the intensity of the + v. - \n
band will be expected to be of the same order as the \k band.
UPPER
STATE
LOWER
STATE
v., v­i* 1
2 , 1
1 , 1
0 , 1
2 , 0
0
Energy levels 
for the
v. + v. ~v. band x J i
0 , 0
For example, the 69 band of potassium hydrogen oxalate might be explained 
by a combination of the 101 and the 79 bands occurring about 173, and 
subtraction of 101 then gives 72.
The outstanding features of the acid oxalate spectra, compared 
with those of the neutral oxalates, is the general broadened appearance 
of the bands and the impression of acid oxalate fundamentals super­
imposed on a very wide band. If the centre of the underlying band is 
taken as the approximate position of v(OH), the expected trend emerges 
of the lithium compound, with the shortest hydrogen bond, having the 
lowest v(OH) frequency and the sodium the highest. For the S (OH) 
vibration the frequency observed for the lithium compound is obviously 
higher, but little difference can be found for the sodium and potassium 
hydrogen oxalates. The y (CH) band of potassium hydrogen oxalate is ' 
surprisingly slightly higher than that for the lithium compound. The 
mixing of the y(OH) band with other vibrations could account for this, 
although the y (OH) band for many systems is often relatively 'pure' , 
and it is probable that the cis linkage of the acid oxalate ions for the 
potassium compounds, as opposed to the trans linkage of the lithium and 
sodium compounds, affects the pattern of behaviour. No bands have been 
formally assigned to the stretching and bending modes of the hydrogen 
bond, but it is readily appreciated that some of the translational and 
librational modes of the acid oxalate ion are also effectively the 
hydrogen bond stretching and bending modes. Such bands may not be 
shifted by deuteration to an extent much greater than the experimental 
error for compounds showing the usual isotopic effects. Deuteration did 
not shift the v(OH) band of potassium hydrogen oxalate to lower 
frequencies, however, so it is likely that the low frequency region 
should not be expected to behave in the usual manner.
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C4.4 Individual compounds
C4.4(a) Potassium hydrogen oxalate
Observed IR and Raman bands of potassium hydrogen oxalate
IR Raman Assignment
3386(ew)
2900(vw)
2740(ew)
2500(m)b
2403(vw)
2330(vw) 
2265(ew) 
1983(vw)
v(C=0) + va(C-0) = 1719 + 1678 = 3397ci
2930(ew)vb va(C-0) + v(C-O) = 1665 + 1287 = 2952 or
v(CSH) + vs(C-0) = 1540 + 1427 = 2967 or
v(0H) + 6(OH) = 1490 + 1450 = 2940+
6(OH) + 6(OH) = 1450 + 1451 = 2901 or
vs(C~0) + v(0H) = 1427 + 1490 = 2917
2830(ew)vb 2vg(C-0) = 2(1427) = 2854 or
v(C-O) + v(0H) = 1277 + 1540 = 2817
6(OH) + v(C-O) = 1450 + 1287 = 2737 or
v(0H) - v(C-O) = 1490 + 1287 = 2777
va(C-0) + v(C-C) = 1665 + 877 = 2542 or
6(OH) + y(OH) = 1451 + 1109 = 2560
~2450(l)b v(C=0) + 6(C02H) = 1721 + 720 = 2441
y(0B) + v(C-O) = 1109 + 1287 = 2396 or 
va(C-0) + <S(C02H) = 1678 + 719 = 2397 or 
v(OH) + v(C-C) = 1540 + 877 = 2417
6(OH) + v(C-C) - 1450 + 879 = 2329 or 
v(0H) + v(C-C) = 1490 + 879 » 2369
vs(C-0) + v(C-C) = 1427 + 877 = 2304 or 
v(d-l) + 6 (C02H) - 1540 h- 720 = 2260
y(OH) + v(C-C) = 1109 + 879 = 1988 or
r r  m  t- * r r n  m  -  1277 + 719 _ 1996 v(C-O) + 6 (C02li) - 12g7 + 72Q 2Q07 or
v(0H) + p(C02) = 1540 + 461 = 2001 or
v(OH) + 5(C02) = 1490 + 488 = 1978
~1900(l)b 6(OH) + p(C02) = 1451 + 450 = 1901 or
v(CH) + w(C02) = 1540 + 363 = 1903
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IR Raman Assignment
-1750(s)b
1721(mw)sh 
1702 (w)sp
1678 EE 
1605(s)
'1450(ew)sh
1401 (m) 
1339(ew)sh 
1312 Cw)
1277(m)sp
1217(m)b
1109 (w)
877(vw)sp
1719(28)
1702(8) 
?1684 sh 
1665(7)
?1590(vw)b
1470*(9.5) 
1450*(36) 
1427*(63) 
1417*(36,5) 
1390*(14)
1308(2)
1287(2)
1191(4)b 
1109(l)b 
897(2)sh 
879(100)
v(C-C) + v(C-C) = 879 + 877 = 1756 or
4. rrn  ^ -  1450 + 318 -  17686(OH) w(C02) - 1451 + 32Q 1771
v (CO)
y (0H) + p(C02) = 1109 + 596 = 1705
y(0H) + p(C02) = 1109 + 596 = 1705
Y(0H) + p(C02) = 1109 + 589 = 1698
va(C-0)
v(C-C) + 6(C02H) = 879 +'720 = 1599 or 
Y(0H) + 5(C02) = 1109 + 494 = 1603 or 
v(0H) + R3(H0X) = 1490 + 124 = 1614
v(C-C) + 6(C02H) = 879 + 719 = 1598 or
y (QH) + S(C02) = 1109 + 488 = 1597
v(C-C) + p(C02) = 879 + 608 = 1487
6 (OH)
vg(C-0)
2srro m  = 2^72°) = 1440~<HLU2hj 2(719) 1438
y(C-O) + R^HOX) = 1287 + 134
v(C-O) + R2(H0X) = 1277 + 134
v(C-C) + p(C02) = 879 + 461 =
6(C02H) + p(C02) = 720 + 596 =
5(C02H) + p(C02) = 719 + 596 =
v(C-0)
w(C02) + v(C-C) = 361 + 879 =
6(C02H) + 6(C02) - 719 + 488 = 
y (0H)
2p(C02) = 2(450) = 900 
v(C-C)
= 1421 
= 1411 
1340 
: 1316 
: 1315
1240 
■ 1207
f
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IR Raman Assignment
857(vw)sp 
720(vs)sp 
589 (vw)
494(s)
860(9) Rx(HOX) + 6(C02H) = 147 + 719 = 866 
R1(HOX) + 6(C02H) = 147 + 720 = 867 
719(10) <S(C02H)
608(2)j p(C02)
596(2)j P(C02) '+ T3(K+) = 450 + 156 = 606 or
p(C02) + R1(H0X) = 450 = 147 =597
488(35) o(C02)
?465(vw)sh w(C02) + R1 (HOX) = 318 + 147 = 465 or
co(C02) + t(C-C) = 363 + 106 = 469
450(11) p(C02)
363(5) w(C02)
318(1) io(C02)
R1(H0X) + R3(H0X) = (150) + 124 = 274
~260(ew) 2R2(HOX) = 2(134) = 268
T1(K+)
177§(vw)b T2(K+)
16 7 (w) R4(H0X)
461(w)sh 
361 (ms) 
320 (w) 
268(w)b
(186)**
136­
19 8 (vs)
(150)
(112)
156(w) t3(K ) or 2T1(H0X) = 2(79) = 158 
14 7 (w) Rj (HOX)
140(ms) T,(HOX) + T9(H0X) « 79 + 62 = 141JL i- '
134 (vs) R2(H0X)
124 (s) R3(H0X)
116 (m) 2T5(HOX) = 2(57) = 114
106(w) t(C-C)
101 (m) T4(H0X)
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IR Raman Assignment
90 (vw) 89 (vw) Rg (HOX)
76 (m) 79 (w) T1(H0X)
69 (mw) R3(H0X) - Ts(H0X) = 124 - 57 = 67 and
R1(H0X) - Tx(H0X) = 147 - 79 = 68
62(m) T2(H0X)
57 (w) Tj-(HOX)
41 (ms) T^ (HOX) and T6(H0X)
lf Various combination and difference bands of v(OH) and 6 [OH) with the
low frequency libration, translation and t(C-C) modes can account
for some of the non-fundamental bands observed in the region about
1700 and 1300, e.g. <5(OH) + R-^ HOX) = 1451 + 147 = 1598,
v(CH) + Rx(H0X) = 1540 + 147 = 1697, v(0H) - R^HOX) = 1540 - 147 - 1393.
** (1541Far-IR bands taken frcm de Villepin and Novak J are shorn with the
frequency in brackets.
4*A value of 1490 for the IR and 1540 for the Raman has been ’used as the 
frequency of the v(0H) band. These are the very approximate centres 
of the broad band observed to underlie the other spectral details.
§ The relative intensities of the Raman bands below about 200 was 
estimated from averaged single crystal spectra.
•k The Dupont curve resolver was used to estimate the intensities of 
these bands.
04.4(a)1 Description of the spectra
The IR and Raman spectra of potassium hydrogen oxalate are typical of 
those found in many compounds with strong hydrogen bonding, i.e. no band
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over 3000 was observed that could be assigned to a v(0H) vibration, but 
very broad bands, with sub-maxima, were observed between about 3000 and 
1720, where the acid oxalate fundamentals commenced. The broad bands 
also continued beneath the region of the acid oxalate fundamental 
vibrations, so that they had the appearance of being superimposed on a 
very broad band, which had a maximum in the region of 1490 in the IR 
spectrum and 1540 in the Raman spectrum. The broad bands were considerably 
less intense in the Raman spectrum than in the IR spectrum. (These broad 
bands were much clearer in some of the single crystal Raman spectra, see 
pp.549-552.)
The overlapping bands in the 1390-1460 region were subjected to 
Dupont curve resolution. ’Ghosting' prevented a clear Raman spectrum 
being obtained for the region below about 200, so that the relative band 
intensities in this region have been estimated from the single crystal 
spectra.
'04.4(a)2 Band assignment
An assignment has been suggested for all of the observed bands.
(For further comments on the validity of these assignments see the study 
of the single crystals, D2.4.3, For most of the bands above about 1900 
more than one assignment can be suggested, at least one of which involves 
a vibration of the OH group. Values of 1490 and 1540 for the v(GH) mode 
in the IR and Raman, respectively, have been used, although these are only 
very rough approximations. For some of the lower frequency non-fundamental 
bands more than one possible assignment can be suggested involving the low 
frequency inter-molecular vibrations with acid oxalate ion fundamentals.
The Raman band at 69 can probably be assigned to the two difference 
modes, R3(H0X) - T5(H0X) = 124 - 57 = 67 and R^HOX) - T^HOX) = 147 + 79 = 68.
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This assignment is not very satisfactory since the corresponding sum band 
has not been assigned, but the very low frequency precludes any other 
assignment unless it could be accounted for by postulating some sort of 
combination with acoustical modes.
C4.4(b) Potassium deuterium oxalate
Observed IR and Raman bands of potassium deuterium oxalate
IR Raman Assignment
3395(ew) 
2520(ew)b
2224(w) 
1980(vw)b
1870(vw)sh
1775 (w) 
1718(vw)
1703(ew) 
1678 EE
2861(1)
2227(1)
1882(2)b
1785(1)
1725(34)j 
1712(12)j
1676(23)
1640(4)
'j (C-0) + v (C=0) = 1678 + 1725 = 3403f±
2vs(C-0) = 2(1435) = 2870
v(CO) + y(0D) = 1725 + 794 = 2519 or 
v (G-0)--+fi(QD) = 1435 + 1108 = 2543
26 (OD) = 2(1114) = 2.228 or 
v(0D) + y(OD) = 1470 + 794 = 2264
6(OD) + 6(OD) = 1114 + 1108 - 2222 or
v(0D) + y(0D) = 1470 + 791 = 2.261
6(OD) + v(C-C) = 1108 + 876 = 1984
vs(C-0) + p(C02) 
o (OD) +y(0D) =
= 1435 + 448 - 1883 or
1114 . 791 _ 1905....
1108 794 1902
v (C-0) + p(C02) - 1426 + 448 = 1874 or
794o(0D) + y (0D) 11Q8 7 g i 1908 1899
~ frn m  - 1108 4. 683 - 17916(0D) + o(C 02H) ^ 1 4  684 1798
+ xcrn m  - 1108 -*• 684 = 1792( ) <S,C02h) 14• 3 7
v(C=0)
6 (OD) + p(C02) = 1114 + 601 = 1715 
6 COD) + p(C02) = 1108 + 601 = 1709
va(C-0)
cr d  4. rnm -  87^ j- 794 v(C C) + y(0D) 87g + 792 16681667
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IR Raman Assignment
■1625 (mw) 
1426 (mw) 1435(100)
fr m 4. mm -  874 . 791 _ 1665 v(C-C) y(OD) g76 , 7Q4 1670
v s (C-0)
-1414(6) sh R2 (DOX) + v(C-O) = 134 + 1293 = 1427 
5 (OD) + w(C02) = 1114 + 315 = 1429
1400(vw)sh R?(D0X) + v(C-O) = 134 + 1279 = 1413 
6 (OD) + oj(C02) = 1108 + 315 = 1423
1308(ew) v(C-C) + p(C02) = 874 + 448 = 1322
1279(w)sh  
1240(m)
1293(2)
1230(7)
?1185(3 )sh
v (C-0)
m m  * rm  791 4- 458 1249 y(OD) + p(COz) 794 + 448 1242
m m  4. mn — 791 448 _ 1239 y(od) p (co2) 794 + 45g 1252
v(C-C) + m(C02) = 876 + 315 = 1191
1108 (mw) 1114(3) 6 (OD)
8 95(5 )sh 2p(C02) = 2(448) = 896
S74(w) 876(67)j v(C-C)
863(11)j 6 (C02D) + T1 (K+) = 683 + 185 = 868
859(vw) <5(C02D) + T1 (I(+) * 684 + 185 = 869
847(1 )sh S(C02) + w(C02) = 482 + 360 = 842
794 On) 791(1) Y(0D)
742 (vw) p(C02) + R,(D0X) = 601 + (150) » 751JL
732(ew) p(C02) + R1 (D0X) = 587 + 147 = 734
723 (vw) p(C02) + R2(D0X) -  587 + 134 = 721
683(vs) 684(14) <3 (_va)2D)
?670(ew )sh u(C02) + u(C02) = 358 + 315 =  673
587 (w) 601(6) p(C02)
485(vs) 482(45) 6 (C02)
458(w)sh 448(15) p(C02)
358(vs) 360(3)
f—
\csl
8
 
V—
J3
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IR Raman Assignment
(315)** 315(1) m(C02)
247(1) x(C-C) + R1(D0X) = 105 + 147 = 252 or 
2R3(DOX) = 2(126) = 252
(185) T1(K+)
-167(25) R4(D0X)
154(70)*j T3(K+) or 2T1(D0X)
(150) 147(160)*j R-j (DOX)
140(207)*j T-j (DOX) + T2(D0X) = (61) + 82 = 143
134(270)*j R2(EOX)
126(235)*j R3(D0X)
119(154)*j 2T2(DOX) = 2(61) = 122
(109) 105(112)*j T(C-C)
(90) R6(D0X)
(76) 82(63) T-^ DQX)
71(-19) R2(D0X) - T2(D0X) = 134 - (61) =-73 and 
R1(D0X) - IN (DOX) = 150 - 76 = 74
(61) t2(dox)
(43) T3(D0X) and T6(IX)X)
Frequencies shown in brackets are taken from de Villepin and Novak.
Intensities estimated with the aid of a Dupont curve analyser. There 
is probably some 'ghosting' in the region also.
C4.4(b)l Description of the spectra
The spectrum of potassium deuterium oxalate has a similar general 
appearance to that of potassium hydrogen oxalate, although different in
detail. The broad maximum about 2500 was found to have almost disappeared
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in the deuterated compound, but a weak, comparatively narrow peak had 
appeared in the IR and Raman spectrum at about 2225. A moderate intensity 
IR band and a very weak Raman band at about 794 were also apparent. A 
rather curious trio of very weak bands was observed between the 794 band 
and the slightly shifted 683 band.
C.4.4(b)2 Band assignment
The band assignment of the two potassium acid oxalates is rather 
similar; again, more than one assignment can be suggested for many of the 
non-fundamental bands, usually with the involvement of the vibrations of 
the OD group. The three bands at 723, 732 and 742 have been assigned as 
combinations of the C07 rocking modes with acid oxalate librational modes. 
It is possible that the 723 band could be due to residual potassium 
hydrogen oxalate present.
In a similar manner to the 69 band of potassium hydrogen oxalate, 
the potassium deuterium oxalate 71 band can possibly be assigned to the 
difference modes, R2(DOX) - T2CDOX) = 134 - (61) = 73, and
(BOX) - T^  (DOX) = 150 - 76 = 74. Again, the corresponding sum modes 
have not been assigned.
04.4(c) Sodium hydrogen oxalate monohydrate
Observed IR and Raman bands of sodium hydrogen oxalate monohydrate 
IR Raman Assignment
3444(vs) 3436(11)
3409(vs) 3412(28)
3264(2)
va(H20)
vs(H20)
26(HOH) = 2(1644) = 3288 or 
6(HOH) + V(CH) = 1644 + 1620 = 3264
- 471 -
IR Raman Assignment
3260(w) 6(HOH) + 6(HOH) - 1643 + 1644 = 3287 or 
6(HOH) + v(OH) = 1643 + 1620 = 3263
2875(ew) 6 (OH) + vs(C-0) = 1458 .+ 1416 - 2874 or 
6(OH) + 6(OH) = 1450 + 1458 = 2908
2750(ew) v(C=0) + y(OH) = 1722 -i- 1028 = 2750
2663(vw) v (C-0) + 6 (OH) = 1214 -i- 1450 » 2664
~2490(3)vb 6(HOH) + v(C-C) « 1644 + 885 - 2529 or 
v„ (C~0) + v(C--C) « 1600 + 885 - 2485 or
a  *-
v(OH) + v(C-C) - 1620 + 885 * 2505
2440(m)b v(C-O) + v(C-O) = 1234 + 1214 - 2448 or 
v (C~0) + v(C-C) - 1572 + 885 = 2457 ord -
v (C-0) + y(GH) - 1415 + 1028 » 2443
-2308(3)vb 8 (OH). + v(C-G), .= 1A5& .+ 8.8.5, “ 2343* or ., 
v_(C-0)’ + v(C~C')' =1415 + 885 = 2300 or " *
Mfrni - p m  m  - 1650 + 680 - 2330 ) ‘ ^,^2°) " 1620 685 " 2305
2200(vw) Y(OH) + v(C~0) «* 1028 + 1214 « 2242 or 
6 (HOH) + p(C02) = 1644 + 590 = 2234 or 
v(OH) + p(C02) ■ 1620 + 590 = 2210
~1900(3)b Y(CH) + v (C-C) = 102.8 + 883 = 1913 or
srrtn ■ r r n  i 1450 .475 1925 0 ) ‘r PfC02.; - 1458 + 471 ~ ig2g or
m m  i - 1620 ■ 282 1902 v(Ott) +cu(ulz) SQ -i-m ~ igi8
1885(ms)b Y ( C H )  + v(C-C) = 1028 + 885 « 1913 or
R ffW  - nfm - 1458 475 - 1933 n-r o (Orst i p(\X)2) - 44c;q ~ 1921
. rrn , _ 1650 , 282 1932 v(0d) r a)(C02) 162Q + 268 ]908
1750(ew)sh yCOH) + 5(C02HI » 1028 + 717 = 1745 or
-mm rrn  ^- 14 5 8 , 320 - 1 7 7 8 ’ " o(OH) + w*C02) - 145Q + 322 1772
1742 (m) 1722(38) v(C=0)
1706(2)sh Y(0H) + R1(H20) = 1028 + 680 = 1708
1702 (vw) Y(0H) + R1(H20) = 102,8 + 685 = 1713
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IR Raman Assignment
1643 (vw) sh 1644(3)sh 6 (HOH)
1600 (ms) 1572(9) Va(c-°)
1450(w) 1458(36) 6 (OH)
1416 (w) 1415(51) vs(C-0)
~1347(2)b Y(0H) + m(C02) = 1028 + 322 = 1350
1339(w) y(0H) + w(C02) = 1028 + 320 » 1348
1325(vw) 6 (C02H) + R2(H20) = 717 + 621 » 1338
1234(vs) 1214(9) v(C-O)
~1188(2)sh 2p(C02)
1028 (m) Y(0H)
885(w)sp 885(100) v(C-C)
853(w)sp T3(Na+) + R]_(H20) = 196 + 680 = 876
852(30) T3(Na+) + Rt(H20) = 196 + 685 = 881
717(vs)sp 710(14) 6 (C02H)
680 (mw) 685(2)sh R-^ HzO)
621(vw)sh R2(H20)
590 (ms) j 591(19) P(C02)
560 (m) j Rj (H20)
492 (m) 496(39) 6(COz)
475 (mw) 471(45) p(COz)
322 (mw) 320(3) £i) (C02 )
~268(w) 282(2) m(C02)
(.234) * T2(H0X) + R-^ HOX) = 80 + 152 = 232
220(5) T1(Na+)
205(11) T ^ O )
190-
290(s)
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IR Raman Assignment
196(7) T2(Na+)
(186)* T3(Na+)
178(11) t2(h2o)
164 (w) t3(h2o)
156(102)**j T3(H0X) + T1(H0X) = 54 + 101 = 155
152(14)**j R1(H0X)
142(vw) 134^ (276)i R2(H0X)
131^ (294)j R3(H0X)
114 (m) 107(70)j t(C-C)
101(25)j T1(H0X)
80 (mw) 78(23) t2(hox)
54+ t3(hox)
* f 1501Values taken from de Villepin and Novak. v J Die 186 band was recorded
at 35°C and so is similar to that which would have been expected for a
room temperature measurement, as in the present study; however, the 234 
band was recorded at ~186°C„ Thus the frequency is probably higher than 
would have been observed at room temperature, especially if it is due to 
an intermolecular vibration.
■k Die single crystal studies indicated the presence of the much weaker band 
at 152, and Dupont curve analysis was used to estimate the 152 peak 
height. ’
The 54 band was only observed in the single crystal studies, as ghosting 
obscured this region with powdered samples.
c Peak height estimated with the aid of the Dupont curve analyser.
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The effects of strong hydrogen bonding were clearly observed in the 
IR and Raman spectra, notably as very broad bands centred at about 2500 
and 1900, and a very broad band centred about 1640 with the acid oxalate 
fundamentals superimposed on it. The spectra were similar in general to 
those of de Villepin and N o v a k a b o v e  about 220 cm 1. The IR spectrum
in the lower frequency region was again similar to that of de Villepin and
Novak, but the Raman spectrum in this region was very different. The 
material used in this study was verified to be the monohydrate by 
microanaiysis and the crystal structure. The Raman frequencies listed and 
the spectrum reproduced for the anhydrous compound of de Villepin and 
Novak is very similar to that obtained in this study for the monohydrate. 
It is concluded that probably the Raman spectra in this region for the 
anhydrous compound and the monohydrate have been accidentally reversed 
in their paper. It would also seem more likely that the monohydrate would
have the richer Raman spectrum in this region.
All of the bands over 3000 disappeared on dehydration. The weaker 
IR and Raman bands at about 1643 disappeared, although the stronger, . 
broader 1600 IR band and the 1572 Raman band shifted to a somewhat higher 
frequency.
C4.4(c)2 Band ass ignment
As previously described for the potassium acid oxalates, there seems 
to be a choice of assignments for the non-fundamental bands, most of which 
involve vibrations of the OH group. It is perhaps significant that for 
the broad bands about 1900 it is possible to suggest assignments that 
involve all three of the OH group vibrations, i.e. about 1620-1650, 1454 
and 1028. Since the bands are broad and the position cannot be precisely
04.4(c)1 Description of the spectra
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be assigned to combinations of 6(OH) and y(0H), i.e. 1028 + 1450 = 2478,
which would be Raman active, and 1028 + 1458, IR active.
The far-IR spectrum recorded in this study showed strong continuous 
absorption between 190 and 290. De Villepin and Novakobserved a 
234 IR band at -180°C. In the table this has been assigned to
T2(H0X) + R-^ (HOX) = 80 + 152 + 232. It is well known that bands tend to
shift to higher frequency when the temperature is lowered, the shift 
being more marked for bands due to intermolecular vibrations. It is 
possible that if this band had been observed at room temperature it would 
have had a frequency very close to 220 and so it may correspond to the
4-T^ (Na') Raman band observed at 220 in the present study.
04.4(d) Lithium hydrogen oxalate monohydrate
Observed IR and Raman bands of lithium hydrogen oxalate monohydrate
measured, it is likely that the 2440 IR and about 2490 Raman bands could
IR Raman Assignment
3311(vs) 
'2520(ew)b
2306 (w)
1790(ms)b 
1720 FE 
1655(m) 
-1520(vw) 
1434 (w) 
1362 (w)
3314(25)
~2500(1)vb
~2330(2)vb
1722(18)
~1565(ew)b
1435(68)
?1370(ew)sh
v(H20)
y(0H) + vs(C-0) = 1091 + 1434 = 2525 or
v(OH) + y(0H) = 1420 + 1091 = 2511
vs(C-0) + v(C-C) = 1434 + 898 - 2332 or
v(CH) + v(C-C) = 1420 + 898 = 2318
Y(0H) + 6(CO2H) = 1091 + 720 = 1811
v(C=0) .
va(C-0)
6 (OH)
vs(C-0)
R1(H20) + P(C02) = 782 + 588 = 1370 or 
Y(0H) + U)(C02) = 1091 + 273 = 1364
- 476 -
IR Raman Assignment
1170(ms) 1170(2) v(C-O)
1091(w) "1078(2)bj y(OH)
~1057(1)bj 6 (C02H) + T2(Li+) = 720 + 340 = 1060 .
898(100) v(C-C)
847(ew) 846(37) S(C02) •*■ T2(Li+) = 509 + 340 = 849
782 (mw) Rx(H20)
?730(l)sh R2(H20)
720(inw) 720(6) 6(C02H)
650(ew)sh 631(4) R3(H20)
588 (ms) 585(11) P(C02)
507 (m) 509(38) 5(C02)
?462(ew)sh P(C02)
408 (w) 416(1) Tl(Li+)
360(1) w(C02)
340(mw) 341(1) T2(Li+)
273(raw) 269(10) w(C02)
(213)* 207(21) T1(H20)
(175) f t2(h20)
166(37) T3(H20)
149(282) R1(HOX)
141(98) uj(C02) ■- R3(H0X) = 269 - 125 = 144
(131)* 135(146) R2(HOX)
125(209) R3(HOX)
?120(74) t1(h20) - T^BOX) = 207 - 92 = 115
(115)* 110(1110) t(C-C)
92(71) TjHQJQ
Bands observed by de Villepin'‘and Novak,
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The spectrum of lithium hydrogen oxalate monohydrate has the general 
appearance of being simpler than the other acid oxalates studied; many 
fewer bands were observed that were non-fundamentals. Only one band was 
clearly observed above 3000, although this appeared in some spectra to be 
slightly asymmetric which suggested a low intensity band may have been 
present on the high frequency side of the main 3314 band. Very wide bands 
were observed in the region 3000-1750, but they were considerably less 
intense than for the other acid oxalates, with a general lack of 
sub-maxima,
04.4(d)2 Assignment of bands
The 1790-2520 bands were assigned to various combinations, generally 
involving one or more vibrations of the OH group. The 1790 band has been 
assigned in the table as the combination, y (OH) + <5(C02H) = 1091 + 720 
= 1811. Since this is a broad band and the position of the S(OH) band is 
rather uncertain, i.e. about 1520-1565, this band could probably also be 
assigned as 6(OH) + w(C02) = 1540 + 271 = 1811 approximately.
The assignment of the Raman bands observed at 141 and 120 to difference
bands does not seem very satisfactory as the corresponding sum bands have
not been assigned, (The 120 band may be due to ghosting effects.)
Although factor group analysis indicates that IR and Raman frequencies can
be expected at the same frequency, the 141 band has been assigned as
m(C02) - R,(HOX) = 269 - 125 = 144 using Raman band positions from this
(157)study rather than using the 131 IR band of de Villepin and Novak, J even 
though this would give a difference of 142 when subtracted from the 273 IR 
band observed in this study. Since no very low frequency bands have been 
observed for lithium hydrogen oxalate monohydrate, and only six translational
C4.4(d)l Description of the spectra
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vibrations are expected, they can only be accounted for as difference 
bands unless one of the low frequency bands assigned as a fundamental is 
actually a non-fundamental and the lithium compound has an unobserved low 
frequency band, perhaps about 60 cm-1, similar to those observed for the 
other acid oxalates studied.
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Dl'.l Introduction
Potassium hydrogen oxalate and sodium hydrogen oxalate monohydrate 
both show perfect cleavage which can be related to the orientation of 
the acid oxalate ions. This has enabled the acid oxalate ions to be 
studied using Raman axes that approximate to the average plane contained 
by the ion and perpendicular to the plane. The axes of the ions 
contained in the unit cell are sufficiently similar for potassium 
hydrogen oxalate to enable Aa and B components to be identified directly
i> o .
from the intensity patterns. The very low symmetry of sodium hydrogen 
oxalate monohydrate causes all the Raman bands to be of A symmetry, but
o>
the intensity patterns can be related to the major directions of changes 
in polarizability for the vibrations.
D. Acid oxalate single crystal studies
D L Sodium hydrogen oxalate monohydrate
D1.2 Literature survey
(a) Crys tallography
The crystallographic studies of sodium hydrogen oxalate monohydrate 
have already been briefly described (see p.420). Tellgren and 
Olovsson^3^  give the only detailed account, but their unit cell is 
not the conventional triclinic cell, since two cell angles are over 90°. 
The conventional cell can be obtained using the reduction programme 
CELRDN.^ 173) This yields:
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a1 = 5.698; b' = 6.503; c' = 6.673; a’ = 75.000,
8' = 85.040; Y1 = 70.070°
This shows that the unit cell of Tellgren and Olovsson was the reduced 
cell, but that, contrary to convention, they used a left-handed set of 
axes. (For convenience the original data will be used in this study.)
(b) Spectroscopy
No single crystal studies have been found in the literature.
D1.3 Experimental
Dl.3.1 Crystal growth .
Moderately good, small crystals of sodium hydrogen oxalate monohydrate
were grown by slow evaporation of an equimolar solution of sodium oxalate
and oxalic acid, but larger crystals (up to 5 mm diameter and about 1 mm 
thick) of very good optical quality were grown from a gel. A soft gel was 
prepared of sodium metasilicate in aqueous solution acidified with oxalic 
and placed in the central portion of a U-tube, Concentrated sodium chloride 
solution was placed in one arm and almost saturated oxalic acid solution in 
the second arm. Sodium hydrogen oxalate monohydrate crystals were found 
to grow near the junction of the gel and the oxalic acid solution. 
(Unfortunately, the growth of the sodium hydrogen oxalate monohydrate 
crystals seemed to depend upon the oxalic acid and the sodium from the 
sodium metasilicate solution, since sodium hydrogen oxalate was still 
obtained when lithium chloride solution was placed in the second arm.)
The best gel grown crystals were often tabular with roughly hexagonal 
outline. The crystals with hexagonal outline were observed to have two
- 481 -
A
f
Sodium hydrogen oxalate monohydrate
A. View do™ c* onto plate face. The extinction directions are 
indicated to the right. s.
B. Crystal section, looking approximately down b.
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opposite faces, e, at a small angle from right -angles to the main plate 
faces,and four faces that were at a marked angle to the plate faces. The 
extinction directions were found to be approximately parallel and 
perpendicular to the ’e' faces. The cleavage plane was identified as 
that roughly at right angles to the ’e' faces and making an angle of about 
70.5° with the plate faces.
Dl.3.2 Crystal orientation for Raman spectroscopy
Tellgren and Olovsson^^ had found that the acid oxalate ions were 
linked into chains parallel to the c axis and that the chains were linked 
in^ o layers parallel, to (100). Hence the cleavage plane could be 
identified as the (100) plane. The precession camera photographs showed 
that the a axis was approximately parallel to the plate faces, the c axis 
malting an angle of about 70 with the plate faces, and was parallel to 
the cleavage plane. The b axis was also found to be parallel to the 
cleavage plane and a small angle from parallel to the plate faces. These 
observations are in agreement with Tellgren and Olovsson that the (100) 
plane is the cleavage plane (see p. 481).
Since it was expected that the orientation of the ions and molecules 
have the predominant effect on the Raman spectrum observed, the Raman axes 
were chosen as c, the crystallographic c axis and parallel to the cleavage 
plane, b' parallel to the cleavage plane and the main faces (and so a few 
degrees fron the crystallographic b direction), and a' perpendicular to 
the cleavage plane and parallel to the crystallographic a* direction. 
Spectra were observed using crystals mounted parallel and perpendicular to 
the b' direction. These directions were also approximately parallel to 
the extinction directions.
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Dl.4.1 Spectra predicted from symmetry considerations
The effects of symmetry on the Raman spectrum of sodium hydrogen 
oxalate monohydrate has already been discussed in general terms (see 
p.437). All Raman active vibrations were shown to be totally symmetric 
(allowed) for every component of the polarizability tensor. If the acid 
oxalate ions were exactly aligned with the Raman axes chosen, it would be 
obvious, in this simple case, which directions correspond to the major 
changes in polarizability. The atomic arrangement with respect to the 
chosen Raman axes shows that the Raman a', b' and c axes are all a few 
degrees from the acid oxalate x,y,z molecular axes respectively ( p.482). 
If the Raman active bands belonged to different symmetry speci.es (as in 
the case of potassium hydrogen oxalate) , then there would be mixing of the 
polarizability components. In the present case it can be seen to have a 
similar effect and so to give rise to a smearing of the differences. The 
presence of two molecules in the centrosymmetric cell requires the acid 
oxalate ions to have their molecular axes oriented parallel to each other. 
(The twisted acid oxalate ion requires a mean molecular plane to be used.)
The two water molecules are also oriented with their molecular 
axes parallel to each other, but the angle between the water molecular 
axes and the Raman axes are considerably larger than for the acid 
oxalate ions. The water molecules are oriented to give the most 
satisfactory coordination with the acid oxalate ions and the sodium 
ions.
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Dl.4.2 The influence of the directions of incident and collected 
radiation
In a similar way to that already described for potassium oxalate 
monohydrate single crystals (see p.369), it was observed that the 
directions of the incident and collected radiation, as well as their 
polarization characteristics, could alter the pattern of intensities 
observed. Although the tiro acid oxalate ions in the unit cell are parallel 
to each other, they belong to two separate acid oxalate chains and, due to 
the centre of symmetry, they lie in such a manner that the chains run in 
opposite directions. Similarly, the water molecules are anti-parallel 
to each other across the centre of symmetry.
The intensity patterns of the band at about 885, the v(C-C) vibration, 
can be used to illustrate this. The Raman powder spectrum showed that the 
885 band was the most intense overall, so for most of the crystal spectra 
it will be the least, or one of the least, affected by noise.
Intensity patterns for the 885 Raman band
First crystal, mounted along a* .
CD (2) (3) (4)
Set 1 b' (a'a’)c b!(a’b')c b' (ca')c b’(cb)c
1.1 0.7 7.8 10.0
(-D (-2) (-3) C-4)
Set 2 c(a’a')b' c(b ’a'jb’ c(arc)b’ c(b 'c)bI
4.5 1.3 2.2 10.0
(5) (6) (7) (8)
Set 3 cCb’bOa* c(b'c)a' cCa’bDa' c(aTc)a’
10.0 7.7 0.4 0.9
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(9) (10) (11) (12)
Set 4 b1 (cc)a' b’ (cb')a' b' (a'c)a* b1 (a!b')a-'
10.0 8.0 0.8 0.6
Second crystal, mounted along b'
(-9) (-10) (-11) (-12)
Set 5 a' (cc)b' a,(b’c)bI a1 (ca’)b’ a' (b 'a')b'
10.0 7.0 1.3 1.2
(-1) (-2) (-3) (-4)
Set 6 c(a'a’)b! c(b'a')b' c(a’c)b' c(b'c)b’
10.0 0.8 2.8 1.1
(.5) (6) (7) (8)
Set 7 c(b’b')a' c(b ’c)a' c(a'b')a' c(a'c)a’
10.0 4.2 0.5 1.8
05) (-6) (-7) (-8) .
Set 8 a1 (b’b’)c a' (cb’)c a* (b 'a')c a' (ca')c
10.0 1.6 0.6 0.5
The above table shows that for Sets 3, 7 and 8 (having the 
orientations abbreviated as (5), (6) s (7), (8) or (-5), (-6), (-7), (-8)), 
the intensity patterns are not identical, but show a close similarity.
The greatest differences occur for the orientations (6) and (-6), i.e.
7.7, 4.2 and 1.6 for sets 5, 7 and 8 respectively. Since the small cleavage 
face was used for orienting the crystal, experimental errors may be 
sufficient to affect the intensity pattern. Other sources of error may 
include the precise alignment of the extinction directions and the dispersion 
of the incident radiation by the triclinic crystal. Sets 4 and 5, with the 
orientations (9) , (10) , (11) and (12) , and (-9) , (-10) , (-11) and (-12) , 
respectively, agree closely.
Unlike the above cases, the intensity patterns for Sets 1, 2 and 6 
differ considerably. For Sets 1 and 2, the orientations (4) and (-4)
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respectively are associated with the most intense component, whereas 
for Set 6, (-1) is the most intense. The variation of 1.1 to 10.0 for 
the comparative intensities makes the differences much greater than would 
be expected from experimental error. Comparison of the most intense 
band from each set, ignoring the incident and collection directions, 
shows twice cc, three b'b', and once each for cb', b'c and a'a’. (If it 
is intended that the direction of polarization of incident, X, and 
collected, Y, radiation, are to be considered, without reference to the 
actual direction of the light path, this will be indicated as XY only.) 
For the two other cases where a*a' occurs, the intensity rating was 
1.1 and 4.5. Also b'c and cb' orientations usually have a moderate to 
high intensity. With the exception of (3) of Set 1, all of the a'c, 
ca', a'b', and b'a' orientations have low intensities. From these 
observations it would seem that Set 6 may he 'unusual' and Sets 1 and 2 
somexvhat closer to what might have been expected, but other bands from 
these sets do not always agree with this.
The above table indicates that the use of two different crystals 
does not greatly affect the intensity patterns, and any such differences 
are probably very small compared with the differences arising from 
changes in orientation,
Dl.4.3 Intramolecular vibrations
See Tables, pp
Dl.4.3(a) The C-0 stretching vibrations '
The analysis of the Raman spectrum of the powdered material assigned 
the C-0 stretching vibrations as: 1722, v(C=0); 1572, va(C-0); 1415,
vs(C-0); 1214 v(C-O). These assignments are obviously only a simple
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approximation, but their frequency, compared with oxalates, oxalic acid 
and other carboxylic acids and saltssuggests the bond chosen to 
describe them must malce a large contribution to the polarizability 
changes of the ion.
It can be seen from the tables that the maximum observed intensities 
*f*for the 1722 band , in sets 3, 7 and 8, are consistently for radiation 
with the incident and scattered polarization along b', whether the 
incident radiation is along a' and the direction of collection c, or the 
opposite way, i.e. a’(b'b')c and c(b'b5a'. In all three sets the next 
highest intensities are observed for the polarization directions b’ and c, 
although the intensity varies from 8.4 and 6.3 for c(b,c)a' of sets 3 and 
7, respectively, to 1.0 for a'(cb')c of set 8. All other intensities for 
the three sets are below 1.5. The maximum intensity of the 1722 band is 
of the order of 801, the maximum intensity of any other band at any 
polarization in these sets of spectra. For sets 4 and 5 the maximum 
intensity of the 1722 peak compared to the most Intense peak in the 
spectrum is less than 71, and noise can have a greater effect on the 
measured peak heights. For set 4, the orientation b'(cc)a' is most 
intense, but for an intensity rating of 10 for this setting, the intensity 
ratings for the other three settings are 8 or more. For set 5, a'(b'c)b' 
is the most intense and the intensity of the other settings ranges from 
3.8 to 7.0. In spectra showing broad bands, associated with strong 
hydrogen bondings that are of a comparable intensity as the 1722 band, 
the real position of the base line is difficult to measure and a small 
error in the position makes a considerable contribution to the estimated 
peak height of the 1722 band (see p.488 ). For sets 1, 2 and 6 a rather
4*1 The ’sets' described in section Dl.4.3 contain relative intensity data 
for the region over 260 an-1 only.
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confused picture emerges, not unlike the case of the 885 band discussed 
in section 2 above. The most intense 1722 peak of set 1, in the 
b'(a'a')c setting, is less than 101 of that of the most intense peak in 
the spectrum, and the heights in the other three settings are more than 
half this intensity. For sets 2 and 6 the intensity of the 1722 peak, 
compared with the other peaks in the spectrum, is much greater. The 
b’Ccb')0 orientation of set 2 and the cCa'a^b1 of set 6 are the most 
intense and the intensities of the other orientations are 25% or less 
than the maximum intensity for the set.
The 1572, v (C-0), band differs from the other stretching vibrations 
in.that the peak is always broad and the intensity, compared with the 
other peaks in the spectrum, is always less than 15% that of the most 
intense band and for some orientations it is not observed. For sets 3 
and 7, a trace may have been observed in the orientations c(a'c)a*, of 
set 3 and the corresponding a'(ca')c of set 7, but no other components 
were found. For set 8, a low intensity band was observed in the 
orientation a'(cb')c', and a trace was found for the a'(ca')c setting.
The b'(cc)a’ orientation of set 4 and the corresponding a'(cc)b' 
orientation of set 5 were the most intense, and since these bands were 
more than 12% of the height of the most intense band in the spectrum the 
observation can be considered to be significant. For both of these sets 
the polarization directions cb!, were found to have a considerable 
intensity, and the two remaining settings to be of very low intensity.
As in the cases of the 885 and the 1722 bands the picture for the sets 1,
2 and 6 is confused. For sets 2 and 6, the bands range from very low 
intensity to unobservable, whereas for set 1 the intensity in the b' (cb')c 
orientation is nearly 15% that of the most intense band in the spectrum, 
and the b’(ca')c setting has considerable intensity.
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When the same type of analysis is made for the 1415 band as described 
above in detail for the 1722 band, a very similar result is found. The 
orientation for sets 3, 7 and 8 with the polarizations b'b' are the most 
intense and they range from about 82-981 of the intensity of the most 
intense band in the spectrum. For these sets the cb1 polarizations are 
the next most intense and for the sets 4 and 5 the cb* polarizations are 
the most intense, although here the most intense bands are 14 and 281, 
respectively, of the intensity of the most intense band in the spectrum.
The intensity rating of the b'(cc)at orientation of set 4 is 8.4, compared 
with. 10.0 for the b’(cb')a' orientation, and the corresponding a'(cc)b' 
orientation for set 5 is 3.5. For sets 1, 2 and 6 the orientations with 
the a!a' polarizations are consistently the most intense, but the 
intensity, compared with the most intense band in the spectrum, varies 
from 6.5% to 35%. For the sets 2 and 6, orientations with the cb' 
polarizations have a comparatively large intensity, whilst the other two 
orientations have a low intensity. For set 1, all of the bands are of
lower intensity, compared with the spectrum in general, and the
differences of intensity are less marked, i.e. rated at 6.9 for both 
b'(a'b')c and b!(cb')c and at about 4.3 for b'(ca')c.
The 1214, v(C-O), vibration is similar in behaviour to the 1572 mode
discussed previously. The 1214 peaks of sets 3, 7 and 8 are all of low 
intensity, and never more than 3% of the height of the most intense peak 
in the spectrum. Even so the orientations with the polarization directions 
b'b' and b’c are always associated with the strongest components. For 
set 1 the peak observed in the orientation b'(cb')c is about 21% of the 
height of the highest peak in the spectrum, and the height of the peak in 
b'(ca')c orientation is also considerable, but no peaks were observed for 
the other two orientations. The corresponding c(b'c)b' orientation has 
the most intense band for set 2, followed by that of c(a'c)b', but the
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intensity in the c(b' c)b' orientation of set 2 is less than 4% of that of 
the most intense peak in the spectrum. For set 6 all the bands are very 
weak, but again the peaks in the c(a'c)b' and the c(b'c)b ’ orientations 
are the strongest. For sets 4 and 5 the orientations with the cc 
polarizations are the strongest and also their intensity is about 15.6 
and 17.9%, respectively, of that of the most intense band in the spectra. 
The peaks with the b'c polarizations also have considerable intensity.
From the above discussions it can be seen that the 1722 and the 1415 
vibrations behave in a very similar manner. The 1572 and the 1214 
vibrations behave very similarly, but differently from the first pair.
For orientations with the cc polarizations, the 1415 and the 1722 bands 
are very prominent features of the spectrum, and also they make a major 
contribution to spectra with b'c polarizations. It is apparent that the 
results obtained from sets 1, 2 and 6 are very varied, so it is difficult 
to judge the importance of these results. From them it would seem that 
settings with the a'a' polarizations can have moderate intensity and, in 
agreement with the other sets of results, orientations with b'c 
polarizations also may make a considerable contribution.
The 1572 and 1214 bands are never very prominent features of the 
spectrum. For sets 3, 7 and 8 they are never more than 3% of the height 
of the highest band in the spectrum, for sets 1, 2 and 6 they vary from 
21% to barely above the noise level, Their greatest contribution to the 
spectrum occurs for the cc polarizations of sets 4 and 5, and to a lesser 
extent for b’c. The b'c polarizations are also usually one of the two 
most intense arrangements for the other sets. The very low intensities 
of the peaks makes the uncertainty of measurement high, but b'b' and ca’ 
polarizations seem to make a small real contribution.
The C-0 stretching vibrations are also considered to be 'in-plane'
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vibrations. For the twisted acid oxalate ion the 'plane' is considered 
to be the average plane through the ion, with the z axis along the C-C 
bond, and the y axis also in the plane. It can be seen from p.482 
that even using the cleavage plane to determine the Raman axes does not 
lead to the ion axes being very closely aligned to the Raman axes. As a rough 
approximation the a', b', c Raman axes correspond to the x, y, z ion axes. 
There is a general absence of major contributions from a'a’, a'b' and a'c 
polarizations, which agrees with the in-plane character of these vibrations. 
The usual weakness of the 1572 and 1214 bands, involving the greatest polari­
zability changes for the cc polarizations, can be contrasted with the 1722 
and 1415 bands which become very strong for the b'b' polarizations.
Dl»4.3(b) The C-C stretching vibration
The intensity patterns of the 885, v(C-C) stretching vibration, have 
been discussed in section 2 above. As well as the simple intensity ratios 
of the band height in the four orientations of each set, the intensity of 
the band compared with the other bands in the spectrum must also be 
considered. Except for sets 2 and6 the 885 band is the strongest in ’the 
sets of spectra, so it is probably more useful to consider in the context 
of how much stronger it is compared to other strong bands in the spectrum.
For sets 3, 7 and 8, the most intense 885 component occurs with the 
polarizations b'b'. The next strongest, the 1415 vibration, is 82%, or 
more, the intensity of the 885 band. Whilst this is not very different, 
it must be considered that the 1415 band is also very strong in these 
sets. For sets 4 and 5 the peak observed for the cc polarizations is more 
markedly stronger than the next strongest peaks at about 475 and 499, and 
these peaks are also very intense. In the sets 3, 4, 5, 7 and 8 the b'c 
polarizations tend to make a considerable contribution.
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The results of sets 1, 2 and 6 can be interpreted in terms of the 
wave vector being differently oriented in 6, but similarly oriented in 1 
and 2, i.e. making a similar angle with the C-C bond but probably not the 
identical orientation. The diagram shows that the wave vector could be 
oriented close to the C-C bond or be at large angles to it (see p.482)
either near or far from the C=0 bond direction. (See p.367 for a geo­
metrical analysis of the Raman scattering process.) These differences 
were observed for all bands (such as the C-0 stretching vibrations 
described above), but the differences are most marked for the 885 band.
This can probably be associated with the directions of atomic movement in 
the. course of the vibration being predominantly parallel or perpendicular 
to the C-C bond.
From the intensity patterns, and the above considerations, the maximum 
polarizability changes can probably be associated with the components cc 
and b'b', to a somewhat lesser extent b’c and possibly aa. The ca’ and 
b'a components are generally very weak.
D1.4.3(c) The CO., angle deformation
The CO^  angle deformation vibrations have been assigned to the Raman 
bands at 710 and 496 (see p.443).
The powder samples and the tables show tlxat the 710 band is weak.
The most intense scattering was observed for sets 4 and 5 when the 
components, with cc as the polarization directions, were about 20% of the 
intensity of the most intense band in the spectrum. Sets 3, 7 and 8 have 
lower intensity peaks for the 710 band, and the maximum intensity was 
observed for the polarization directions b'b'. For the sets 3, 4, 5, 7 
and 8 the peaks for the b'c polarizations occur with a somewhat lower
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intensity and for sets 1 and 2 the b'c components have the largest 
intensity. From the above the maximum changes in polarizability can be 
associated with the cc components, and to a smaller extent with the cb' 
and b'b' components.
The 496 band is in general more intense than the last band and for 
the cc components of sets 4 and 5 it is about 70% of the intensity of the 
largest peak. The components observed with the b'c polarizations for sets 
4 and 5 also have a considerable intensity and for all of the other sets 
the b'c polarizations correspond to the most intense components. In 
comparison the other components, b'b' and a'c, make a very small 
contribution, and, within the errors of alignment of the molecules with 
the Raman axes, the polarizibility changes are approximately in the ion 
plane, especially along the mean direction of the C-C bond. Whilst these 
characteristics are not unlike those found for the 710 band, the changes 
of intensity with the directions of the polarizations were not as clearly 
revealed.
D1.4.3(d) The CO2 rocking vibrations
These have been assigned to the bands at 591 and 471 in the Raman 
spectrum of the powdered material.
The 591 band is in general a rather weak gand, and the maximum 
intensity, for the component observed using the cc polarizations for sets 
4 and 5, was about 25% that of the most intense peak in the spectra. The 
heights of the peaks using the b'c polarizations for sets 4 and 5 were 
about 75% the intensity of the cc peaks. For sets 3 and 7 the most intense 
components were observed using the b'c polarizations, and the b'b' for 
set 8. These differences, box'/ever, are not very significant since the
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height of the peak using the b'c polarizations for set 8 was within the 
errors of measurement, and also for sets 3 and 7 the heights of the peaks 
using b'b' polarization were about 90% that of the b'c height. The most 
intense peak for sets 1, 2 and 6 were observed to be those using the b'c
polarization. Except for the b'(ca')c orientation of set 1, all the other
orientations of sets 1, 2 and 6 are very low intensity bands.
The' behaviour of the 471 band is generally similar to that of the 591
although, in general, and for most of the individual components, the 471
band is more than twice as intense, so that for sets 4 and 5 it is about 
60% of the intensity of the most intense band in the spectrum. As in the 
case of the 591 band, the cc polarizations for sets 4 and 5 were found to 
produce the most intense components. The components observed using the b'c 
polarizations were also of considerable intensity, but the difference in 
intensity between the cc and the b'c for the 471 band was more marked than 
for the 591 band. All of the other sets were observed to have the most 
intense component when using the b'c polarizations. The b'b' polarizations 
gave rise to relatively weaker intensity peaks for sets 3, 7 and 8 than for 
the 591 band. Thus it can be seen that, although very similar, the changes 
in the cc polarizability component of the 471 band is more dominant.
D1.4,3(e) The C0o wagging vibrations- “ ' --- - , , £ r ” " '
Unlike the vibrations discussed above, the wagging modes are out-of­
plane modes and so would be expected.to show different intensity patterns 
with a greater intensity associated with polarizability changes involving 
the a' direction. These vibrations have been assigned to the Raman bands 
at 320 and 282. The powder spectrum showed that these bands were very 
weak in general. The most intense peak observed for the 320 band was for 
the c(a'c)b' orientation of set 2, which was about 4% of the intensity of
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the most intense peak in the spectra. Peaks of 1.7% of the greatest 
intensity for the c(b'a')b' orientations of sets 2 and 6 were the most 
intense for the 282 band. Thus noise and errors of measurement cause 
any interpretation to be difficult (see Table, p.493).
For set 5 the most intense component of the 320 band was observed for 
the a'(ca')b' orientation and this was only 8 mm high. The measured 
heights for the 320 band of set 4 ranged from 18.5 to 11.5 mm, with the 
component using the b'(cc)a' orientation the most intense. For sets 3, 7 
and 8 the components observed using the b'b' polarizations were the 
strongest, with b'c and a'c also of a similar magnitude, within the large 
errors likely. The component observed using the polarizations a'c for 
sets 2 and 6 was the strongest, and it was only a little weaker than the 
cb' for set 1. Obviously these measurements cannot show a clear cut 
preferential direction, but the components with a'c polarizations seem to 
be more, prominent for the 320 than, for the bands previously discussed.
The most intense component for the 282 band was 12 mm high for the 
c(b'a')b' orientation of set 2; however, it is noticeable that the 
components using a'b' polarizations tend to be the most intense or of a very 
similar intensity to the most intense for most of the sets of spectra.
D1.4,3(f) The C-C torsional vibration
The C-C torsional vibration has been assigned to the Raman band 
observed at 107 for the powdered samples. The 107 band had an intensity 
of 15 and 27% of the most intense band for sets 3 and 7. The component 
observed using a'c polarizations was the most intense in both sets, but 
moderately weak contributions were observed for the other orientations, 
except for the c(a'b')a' orientation of set 3 which was about 93% of the
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intensity of the c(a'c)a'. Set 8 was observed to have the strongest 
intensity component using b'a' polarizations, with the ca' intensity about 
881 of it. Sets 4 and 5 were similar, having the most intense component 
associated with the a'b' polarizations and a major contribution associated 
with ca'. Set 6 also showed the maximum intensity when b'a' polarizations 
were used, plus a major contribution from the a'a'. The reverse 
observation was made for sets 1 and 2; the a'a' polarizations gave rise to 
the most intense component, with a'b' the next greatest intensity. The 
peaks associated with the a'a' polarizations of sets 1 and 2 had the 
greatest intensities relative to the other bands in the spectra. It is 
perhaps unexpected that the ca' polarizations for sets 1, 2 and 6 should 
give rise to such small contributions when the high intensities found for 
sets 3, 7, 8 and 4 are considered. It is generally concluded that the 
maximum intensities can be associated with the a'b', a'a' and a'c 
polarizations. This is in agreement with the assignment of the 107 band 
to the out-of-plane C-C torsional mode.
D1.4.5(g) Vibrations associated with the OH group of the acid oxalate ion
The 6(OH), in-plane deformation, vibration has been assigned to the 
Raman band at 1458, It is frequently found that the 5 (OH) mode is exten­
sively mixed with other vibrations of similar frequency.(?4,8-t,90) por 
the acid oxalate .ion, in sodium hydrogen oxalate monohydrate, it is only 
43 cm-1 from the band approximately assigned to the v(C-O) vibration, so 
that extensive mixing of the two vibrations would be expected. The 
observations made with the single crystal can be used to find how closely 
the 1458 and 1415 bands resemble each other with respect to changes in the 
components of the polarizability tensor. The powder spectrum shows that 
in general the 1458 band is somewhat weaker than the 1415 band.
The greatest intensity of the 1458 band was observed using the b’b* 
polarizations of sets 3, 7 and 8. For all of the other sets, i.e. 1, 2, 4, 
5 and 6, the highest intensity components were observed using b'c 
polarizations, and the peaks observed for the b'c polarizations of sets 
3, 7 and 8 also made a considerable contribution. Sets 4 and 5 also show 
moderate contributions from components observed using cc polarizations.
For set 1 the ca' polarizations resulted in a substantial contribution, 
whereas for sets 2 and 6 the only other large contribution was observed 
using the a'a' polarizations. From these results it can be seen that sets 
3, 4, 5, 7 and 8 for the 1415 band are very similar to the corresponding 
sets of the 1458 band, although the intensity differences are not so 
marked between the b'b' polarizations of sets 3, 7 and 8 and the maximum 
intensities observed for other sets of the 1458 band compared with the 
1415 band. Sets 1, 2 and 6 of the 1458 band were found to exhibit the 
maximum intensity when the b'c polarizations were used, whereas for the 
1415 band a'a' polarizations resulted in the maximum intensity; however, 
in the case of the 1415 band the peaks observed using b'c polarizations 
were consistently large, and in two of the three sets for the 1458 band 
the a'a' polarizations were associated with peaks of moderate intensity.
It can be concluded from these observations that the general form of the 
polarizability tensor for the two bands must be very similar., and small 
differences of emphasis rather than kind occur.
The y(OH), out-of-plane deformation has been assigned to the band 
observed at 1028 in the IR spectrum of the powdered material, but the 
corresponding Raman band was not observed. In a few orientations of the 
single crystal an extremely weak, wide band has been observed in the 
region about 1050-1060 that may possibly be connected with the out-of-plane 
deformation. The most consistent observations were found for the 
orientations using b'b' polarizations for sets 3, 7 and 8, and the cc of
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sets 4 and 5. The. mode was not observed for set 1. The a*a' polarizations 
of set 6 gave rise to the most intense component, whereas the b'c was the 
most intense of set 2. The b'c polarizations gave just observable peaks 
for several other sets also. These observations suggest polarizability 
changes parallel and transverse to the chain length.
The v(OH) mode was not assigned in the powder spectra, but the effects 
of strong hydrogen bonding were clearly observed as very broad bands 
between about 1900 and 3000 cm-1. More sub-bands could be observed using 
single crystal than was possible in the Raman spectrum of the powdered 
material. If these bands are involved with the stretching of the hydrogen 
bonds linking the acid oxalate ions into a chain approximately parallel to 
the Raman c axis, then it would be predicted that the cc components of 
the polarizability tensor would be the largest, probably with some 
contribution from the b'c, and possibly a little from the a'c (especially 
when it is recalled that the Raman axes only roughly approximate to the 
ion axes.) Some spectra were found to have a slight undulation in the 
background between the 1722 band and the water bands over 3000, tending to 
a maximum about 2300. If this was seen without the usual accompaniment 
for various sub-bands it was concluded to be due to very slight 
fluorescence or possibly sane specular reflections. (This behaviour was 
much more troublesome for potassium hydrogen oxalate single crystal, see 
p.591).
No bands were seen in the 1900-3000 region for sets 3, 7 and 8 that 
were definitely above the noise level. For sets 4 and 5 the strongest 
peaks were observed using the cc polarizations, and also there was a 
considerable contribution if the cb' polarizations were used. Except 
possibly for traces for the a'(ca')b' orientation of set 5 no sub-maxima 
were observed for the other orientations of sets 4 and 5, although what 
seemed to be a fluorescent background was present. Due to the breadth
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and overlapping character of the peaks associated with hydrogen bonding 
it was impossible to estimate the contribution of this background to the 
intensity of the hydrogen-bonding peaks. (Peak heights in this region 
were measured from a general baseline, extending from about 1900 to 3100.) 
Sets 2 and 6 showed very little scattering in this region, but the 
b'(cb')c orientation of set 1, and to a lesser extent the b'(ca')c 
orientation, clearly showed a number of peaks. Thus, as predicted, peaks 
were observed when using the cc polarizations. Polarizations b'c also 
were associated with some of the observed peaks, but in other cases, where 
it would have been expected, no peaks were observed using the b'c 
polarizations, such as for sets 3, 7 and 8.
D1.4.3(h) Intra-molecular vibrations of the water molecule
The angle deformarion mode of the water molecule has been assigned 
to the band obsewed at 1644, and the OH stretching vibrations to the bands 
at 3412 and 3436. As has been previously noted, the x, y and z axes of 
the water molecules make larger angles with the Raman axes than the acid 
oxalate ions, so it might be expected that the intensity changes with 
orientation might not be as marked. (The water y axis makes a small angle 
with the Raman b' axis but the yz water plane is tipped at a considerable 
angle to the Raman b'c plane.) However, the differences are as large as 
was found for most of the intra-molecular vibrations of the acid oxalate 
ion. Useful comparison can be made of the three vibrations with each other 
and with the Raman axes.
The 1644 band was found to be very weak in all of the sets of spectra. 
For sets 3, 7 and 8, the most intense component was observed using b'b' 
polarizations, with the b'c polarizations giving rise to the next most 
intense peaks. For sets 1, 2 and 6 the b'c polarizations gave the most
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intense peaks. Set 4 had the most intense component associated with the cc 
polarizations, and set 5 the b'c, but the component using cc polarizations 
gave a considerable contribution for set 5 and the b'c for set 4, so the 
differences are not as marked as they might at first appear. It Is 
concluded that the greatest polarizability changes can be associated with 
the b'b' and b'c components (where the directions refer to the Raman axes) .
The intensity patterns for the 3436 vibration are very similar to 
those described above for the 1644 band; the b'b' and b'c polarizations 
give rise to the most, intense bands. Again, the b'c polarizations give 
rise to a slightly more intense band than the cc for set 4, whilst the 
situation is reversed for set 5.
The 3412 band is very intense for the b'b' polarizations of sets 3,
7 and 8, being 68-771 of the intensity of the most intense band in the 
sets, whereas it is less than '10% for the other sets. The only other 
significant contribution was found to arise using b'c polarizations. Sets 
4 and 5 had the most intense component with b'c polarizations, followed by 
the cc. The pattern is not as clear for sets 1, 2 and 6, but again using 
the b'c polarizations made the greatest contribution, followed by a'a'.
It has been shown above that the intensity' of the components observed 
using b’b' and b'c polarizations was not very different for the 1644 and 
the 3436 bands, whereas the b'b' polarizations were by far the most intense 
for the 3412 band. In the crystal the water molecules are hydrogen bonded 
to adjacent chains of acid oxalate ions. Hie acid oxalate ion chain is 
parallel to the crystallographic. c axis and in the (100) plane. The Raman 
axes are orthogonal, with the c Raman axis parallel to the crystallographic 
c axis, and the Raman (100) plane is not quite parallel with the crystallo­
graphic (100). However, to a good approximation the intensity observed 
using the b 'b' polarizations can be related to maximum changes in the
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polarizability of the water molecule vibrations being in a direction about 
perpendicular to the acid oxalate ion mean chain axis, and approximately 
in the (100) plane.
Dl.4.4 Intermolecular vibrations
D1.4.4(a) Intermolecular vibrations of the water molecules
The librational modes have been assigned to the bands observed at 685 
and 621 in the Raman spectrum of the powdered material. The third 
libration was not observed in the Raman spectrum, but assigned to a band 
at 560 in the IR spectrum. In some of the spectra of the single crystal 
a very weak band has been observed at about 552, and this can probably be 
assigned to the third water libration.
The librational bands were found to be extremely weak, and the 
intensity of the most intense component of any of the sets was not more 
than 2% that of the most intense band in the set. The 685 band was 
observed in six sets only, and in each case the b'c polarizations were 
the only arrangements giving rise to clearly observed scattering. The 621 
band was observed for the b'c, and possibly the b'b', polarizations of 
sets 7 and 8. It is significant that the 621 band appears as a shoulder 
on the 591 band, and the cases where the 621 band was observed coincide 
with 591 having a low intensity for the b'c polarizations. In other cases 
the base of the 591 band is somewhat asymmetric and may possibly be 
obscuring a weak contribution from the 621 band. The 552 band has been 
observed for five sets. Four of these were observed to have the most 
intense component when a'c polarizations were used, and the fifth almost 
equal intensities for the a'b and the a'c. The very low intensity of these 
librational bands makes any conclusions of limited validity, but the b’c
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and a'c polarizations seem clearly to give rise to the greatest intensity 
components for the 685 and 552 bands, respectively.
Translational vibrations have been assigned to the Raman bands at 207 
and 179. The 207 band was observed for seven sets and in each case the 
most intense component was associated with the b'c polarizations, followed 
by the b'b' at probably about half the intensity of the former. For the 
179 band the b'b1 polarizations of sets 3, 7 and 8 gave rise to the 
greatest intensity. For the other sets the a'b’ arrangements were 
associated with the most intense bands. These translational bands were 
also very weak, the b'b' polarizations of set 8 for the 179 band having 
the greatest intensity of 9% that of the most intense band in the set.
D1.4.4(b) Translational bands of the sodium ion
The translations of the sodium ion have been assigned to the bands at 
224 and 199. The very weak 224 band has been observed for seven of the 
sets with an intensity of 2% or less that of the most intense band in the 
set. Sets 4 and 5 showed about equal intensity for the cc and b'c 
arrangements. (The very low intensity of these bands makes error due to 
noise significant.) For the other sets the b'c was the most intense.
The b’c polarizations gave rise to the most intense components for all 
sets of the 199 band, with a considerable contribution from the b’b’ 
arrangement. The dominance of the components observed when using the b'c 
polarizations for both the 224 and the 199 bands may put a question as to 
the validity of the assignments, and indeed they are tentative. However, 
the smaller contributions of the two bands differ and it is not a necessary 
condition that the sodium ion translations should cause polarizability 
changes that are orthogonal to each other. Since the environment of the 
sodium ion^5^  is not even approximately isotropic it would be more
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surprising if the translational modes were found to be associated with 
orthogonal polarizability changes.
D1.4.4(c) Librations of the acid oxalate ion
The three librations of the acid oxalate ion have been assigned to 
bands observed at 152, 136 and 133 in the Raman spectrum of the single 
crystal. (The latter bands were located at 131 and 134 in the powdered 
samples. The difference may be experimental or more probably due to more 
exact measurements of the positions for the single crystals.) Since only 
three librational modes are predicted from factor group analysis, the 
fourth band observed at 156 has been assigned to a non-fundamental 
vibration.
The 135 band was found to be the most intense in all the sets of 
spectra, and in each set the ab' polarizations gave rise to the most 
intense component. For sets 3, 7 and 8, and 4 and 5, the component 
observed using a'c polarizations also had considerable intensity. Except 
for the a'a' of set 1. all other components of sets 1, 2 and 6 were of low 
intensity. The a'b' arrangement also gave rise to the most intense 
components for the 136 band. The 133 and 136 bands overlap each other 
considerably, which has a variable influence on the accuracy of the peak 
height measurement. For set 1 of the 136 band the a'c polarizations gave 
rise to a band that was measured as being slightly more intense than the 
a'b'. The a'c polarizations were associated components of considerable 
intensity for several of the other sets also. The 152 band was observed to 
be very weak and it was not observed for set 7. The b'c polarizations for 
sets 1, 2, 6, 4 and 5 were associated with the most intense components.
The b'b' arrangement of sets 3 and 8 was slightly more intense than the b'c.
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The fourth band in this region at 156 is considerably more intense 
than the 152 band, and if the general gqide lines are followed, i.e. that 
the fundamentals are the most intense and librational modes are strong in 
the Raman, then it would seem better to assign the 156 band to the third 
fundamental and the 152 band to the overtone, 2T^ (H0X) . However, some of 
the intramolecular fundamentals have been found to be very weak, so it is 
not unreasonable to assign an intermolecular vibration to a very' weak band. 
Also, the energy levels in this region are not widely spaced and population 
of the first overtone level becomes more likely. The 156 band was observed 
to have the greatest intensity for the a'b' polarizations of all sets, with 
usually considerable intensity from the a'c. It can be seen from the above 
descriptions that the 156 band has effectively the same polarizability 
characteristics as the 133 and the 136 bands. Whilst it does not seem very 
improbable that two librational modes would show such a close similarity, 
it does seem highly improbable that ail three of them should be very 
similar. Consequently, the assignment of the 152 band as the third 
fundamental is more satisfactory even if it is of low intensity. This 
assignment is also more in keeping with that of the equivalent band of 
potassium hydrogen oxalate (see section D3.3, p.602).
D1.4.4(d) Translational vibrations of the acid oxalate ion
The Raman bands at 101, 78 and 54 have been assigned to translations 
of the acid oxalate ion. The 101 band was observed to have the most 
intense components when either the a'b' or the a'c polarizations were used 
for sets 3 to 8 inclusive, with the other member of this pair being the 
next most intense, except for set 6. Sets 1 and 2 had maximum intensities 
for the a'a' polarizations, and although the b'a' was the most intense for 
set 6 the a'a' also had considerable intensity. The b'b' for sets 3, 7 and
- 540 -
and 8 of the 78 band were observed to have between 12 and 22% of the 
intensity of the most intense band in the set, whereas the maximum intensity 
for the other sets was not more than 2%. The b'c components for sets 3, 7 
and 8 were also intense. The high intensity of the b'c components of 3,
7 and 8 makes it surprising that the intensity of the other sets is so low 
and that four of them were most intense for a'b’. For the 54 band the 
b'b' polarizations gave rise to the most intense components for sets 7 and 
8, but the other three components also had considerable intensity, 
especially the a'b' and a'c. The a'b' was the most intense for set 3, but 
the a'c and b'b' also were very intense. The a’b' polarizations of sets 
4, 5 and 6 were the most intense, with the a'a' of sets 1 and 2 somewhat 
more intense than the a'b'.
From the above descriptions of the 101, 78 and 54 bands it can be 
seen that the polarization characteristics of these are sufficiently 
different for the assignment to be reasonable. It is noticeable that in 
all 'three the intensity of the cc components is very low or absent.
Dl.4.5 Non-fundamental vibrations
The polarization characteristics of the very important bauds between 
1700 and 3000 have already been discussed (see section D1.4.3(g), p.531) . 
These could be associated predominantly with vibrations in the direction 
of the acid oxalate ion chain, especially in the mean plane of the ion.
Assignments for the other non-fundamental bands have been given in 
the section on the powder spectrum of sodium hydrogen oxalate monohydrate.
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(a) Crystallography •
The crystallography of potassium hydrogen oxalate has already been 
reviewed briefly (see p.422).
D2.2(a).1 Hendricks (1955) 
f 53) ■Hendricks^  J considered the structure of potassium hydrogen oxalate 
with a number of other oxalates, acid oxalates and oxalic acids. He found 
the space group to be P2X/c, with four formula units in the unit cell, 
a = 4.32, b = 12.88, c -• 10.32 and 3 = 133°29'. To solve the structure 
Hendricks needed to assume a planar C20n grouping, with the plane of the 
C2O4 parallel to his (100). There were some irregularities between the 
observed and calculated structure factors. Hendricks wrote:
"It is thought that the agreement supports the approximate correctness 
of the structure, but it is not contended that the structure is of high 
accuracy." •
The paper contains useful data on the optical properties of potassium 
hydrogen oxalate. The optic orientation is given as = b and nQ = 1 to 
his (100). His Fig.4 shows the structure projected on his (100)Q and the 
cleavage direction appears approximately parallel to his b axis.
The optical anisotropy of oxalates is discussed in a oaper by Hendricks 
and Deming, and its use in structure determination considered.
D2. Potassium hydrogen oxalate
D2.2 Literature survey
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The analysis of Pedersen showed that each of the C-C-C^  groups are 
planar, but the two C-CO2 groups are net in the same plane, and that the 
dihedral angle was 12.7°. The unit cell found by Pedersen differs consider­
ably from that found by Hendricks. Pederson also has the space group
P2i/c, but the 8 angle is 101.96° instead of the 133°29' found by Hendricks.
The a and b sides are little changed but c has been changed to 7.660 X.
Pederson was unable to find an unambiguous position for the hydrogen atom using 
a difference Fourier map, ana a tentative position was chosen for the last refinement.
Pedersen^ 151) describes the arrangement as follows:
"The crystal is built up of infinite chains of hydrogen oxalate ions 
held together by short hydrogen bonds of 2.534(8) X parallel to the (102) 
planes. The hydrogen bonded oxygen atoms are situated cis to one another, 
thus leaving the other half of the oxalate ion free to coordinate to the 
potassium ions, which are situated between the oxalate chains."
It should be remembered that the (102) plane of Pedersen is not the 
same as the (102) plane of Hendricks (see p. 547 for the transformation 
between the two unit cells). This packing arrangement accounts for the 
perfect cleavage found approximately parallel to the (102) planes.
Pedersen discusses types of hydrogen bond and says that she is:
"... tempted to conclude that the hydrogen bond potential in KHCaOi* 
is asymmetric. This conclusion is based partly on the difference in C-0 
bond lengths indicating the C-O(l) bond to carry the hydrogen atom, and 
partly on the infrared spectrum which show's the stretching vibration 
at 2460 cm 1 inferring an H-bond length of 2.55 X in agreement with the 
observed value, and also supported by the absence of a strong isotope 
effect upon deuterium substitution."
D2.2(a).2 Pederson (1968)
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The absence of strong isotope effect is based on the small change in 
unit cell dimensions when deuterium substitution is made.
D2.2(a).3 ■ Moore and Power (1971)
Neutron diffraction was used in the structural study by Moore and 
Power. The position of the hydrogen atom was found unambiguously.
Apart from the hydrogen atom position, the data of Moore and Power agrees 
well with that of Pedersen. The asymmetric nature of the hydrogen bond 
was confirmed, the 0-H having a bond length of 1.054 X in an 0-0 hydrogen 
bond of 2.518, and the 0-^ -H...0? angle was shown to be 174.6°.
D2.2(a.).4 Einspahr, Marsh and Donohue
The X-ray study of Einspahr, Marsh and Donohueshowed the 
potassium hydrogen oxalate crystal structure to be essentially the same 
as found by Pedersen and Moore and Power, i.e. only small differences-were 
found between their lattice cornstants and those of Pedersen. They make no 
reference to the paper of Moore and Power. (This is probably not 
surprising as they were submitted without about seven months of each other 
and revision of the Einspahr, Marsh and Donohue paper makes the actual 
publication dates further apart.) Einspahr, Marsh and Donohue applied 
absorption, secondary-extinction and anomalous-dispersion corrections to 
their data and they were able to locate the hydrogen atom in a difference 
map. They found the dihedral angle to be 13.93°. The 0-1I...0 angle was 
found to be 173.4°, which is very close to the value of 173.6 obtained by 
Moore and Power. Their hydrogen bond length 0-0 was 2.523 X, and so 
slightly longer than that found by Moore and Power, but their 0-H bond 
length of 0.87 X is considerably shorter than the value of 1.054 found by
- 544 -
Moore and Power. This type of discrepancy is common when O-H distances 
found by neutron diffraction are compared with those found by X-ray 
crystallography. A discussion of this is given by Hamilton and Ibers.^^
(b) Spectroscopy
No single crystal studies have been found in the literature.
D2.3 Experimental
D2.3.1 Crystal growth
The potassium hydrogen oxalate crystals were grown by slow evaporation 
of an aqueous solution of the commercially available material or from a 
solution containing equimolar quantities of oxalic acid and potassium 
oxalate. This method always produced the anhydrous material.
Crystal of good optical quality were obtained up to about 3mm diameter 
and about 1 mm thick, and poorer quality' crystals of more than 1 cm length 
and 5 mm thickness. The shapes varied from roughly rectangular to hexagonal 
and tooth-like. Some crystal were found to be twinned. This was not always 
obvious from the morphology, but twinned crystals were found to have a 
characteristic split interference figure. '
D2.3.2 Crystal orientation for Raman spectroscopy
All crystals were observed to have what appeared to be striated 
surfaces. The striations were identified as the traces of the cleavage
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Potassium hydrogen oxalate
Extinction
A. View down onto the largest crystal face, with the interference 
figure superimposed. The crystallographic axes and the extinction 
directions are indicated at the right.
B. Crystal section looking down b. '
f 53TSubscripts: H axes associated with Hendricks^  J unit cell, R axes
associated with the unit cell of Moore and Power,(^7) Einspahr, Marsh 
and D o n o h u e 5^4) a n d .  Pedersen. (151)
c i P  I
\  ... _
U  n
f  o  %■
V -  ' P x
< *>  ° o ^  ,
o
O
ch
b -------------------
Potassium hydrogen oxalate. 
Views of the cell contents 
down the Raman axes a*,b,c.
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planes. These were always perpendicular to the plane containing the 
optic axial plane, it was found that the crystals occurred with the 
direction of maximum elongation parallel and perpendicular to the optic 
axial plane. The optical properties are shown in th# diagram (p.545)
Precession camera photographs of the zero layer enabled the a, b and 
c directions of the crystal to be identified. (Since the space group was 
to be P2X/c? t jie SySteraatpc absences were hOS,, £ - 2n + 1 and 
OkO, k = 2n + i3 and so only the zero layer was considered.) The
b crystallographic axis was found to be perpendicular to the cleavage 
plane. The a axis was also readily identified but reciprocal lattice 
points did not indicate a very obvious choice for c. It was possible to 
find three rows of points that corresponded to g angles of about 133, 125 
and 102°. The g angle of 133° was that used by Hendricksand the 
corresponding unit cell length c was found to be about 10.3 X. The 102°
angle corresponded to a c of about .7.6 A, which is that found by
Pedersen,Moore and P o w e r , a n d  Einspahr, Marsh and Donohue.
The unit ceil of the more recent authors follows the convention of the 
smallest unit cell and g angle. The matrix to transform the cell with g
angle of 102° with that of Hendricks with g = 133° is
1 0 2
0 -1 0
0 0 1 (Read across)
If the unit cell parameters of Moore and Power are used in the 
transformation to Hendricks' unit cell it is found that a = 4.308, 
b = 12.844, c = 10.253 and g = 133.28°. Contrary to the statement of 
Einspahr, Marsh and Donohue,Hendricks cell was P2i/c but a different 
P2j/c cell from that chosen by them.
Observation of the cleavage plane indicated an angle of 133° between 
the principal crystal faces, and aleo these crystal faces were found to be 
parallel to the a and c unit cell directions of Hendricks’ cell. Some 
cells showed the development of a very narrow face at 10-2° from the face 
containing a. Obviously a crystal is much more easily set if the largest 
faces can be used as a guide, so it was decided to use the unit cell
chosen by Hendricks. The Raman axes were chosen to be b and c, parallel
to the b and c axes of the unit cell and a' perpendicular to the plane 
containing b and c. These axes were also parallel to the extinction
f 1771directions. The acid oxalate ions, as revealed by the PAMOLE program^  J , 
were found to line up with the x ion axis approximately parallel to a', 
y approximately parallel to b and c to z. Since the acid oxalate ion has 
a dihedral angle of about 13°, and the cell is centrosymmetric, one of the 
CO2 groups of each acid oxalate ion seems to be parallel to the a' and b 
ceil directions and the second half of the ions are twisted somewhat from 
parallel. The ion z axes are at opposite small angles to the c direction 
(see p.546 ). The a',b,c axes for the Raman observations are thus the
most favourable possible.
For the Raman observations, a crystal was mounted along the b axis
and a second crystal along the c axis.
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D2.4 Results and interpretation
D2.4.1 Spectra predicted from symmetry considerations .
It has already been show (see p.436) that the Raman active bands of
potassium hydrogen oxalate are of two types A , active in the x2, y2, z2S _
and xy components of the polarizability tensor, and B , xz and yz active.o
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Thus, if the acid oxalate ions are sufficiently closely oriented to the 
axes used for the Raman observations it should be possible to separate 
the components due to the A and the Ba bands. If the interionic 
interactions are sufficiently strong then it would be expected that the 
A and the Bct bands would be observed at slightly different frequencies.o e»
D2.4.2 The influence of the direction of incident and collected radiation
To examine the effects of the direction of the incident and collected 
radiation on the crystal orientations used in this study, the relative 
intensities of the 879 band can be compared, as shown in the following 
table.
Intensity patterns for the 879 band
Crystal mounted along b
(1) (2) (3) (4)
Set 1 c(bb)a' c(bc)a' c(a'b)a' c(a’c)a'
10.0 1.1 0.9 1.4
(-1) C-2) (-3) (-4)
Set 2 . a' (bb) c a' (cb)c a' (baf)c a'(ca')c
10.0 0.4 1.4 0.3
(5) (6) (7) (8)
Set 3 a'(cc)b a'(ca')b a* (bc)b a' (ba')b
10.0 0.2 0.2 0.7
(9) (10) (11) (12)
Set 4 c(a'a')b c(a'c)b c(ba')b c(bc)b
10.0 2.1 7.2 . 2.0
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(-1) (-2) (-3) (-4)
Set 5 a' (bb) c a’ (cb)c a ' (ba’)c a' (ca')c
10.0 0.8 0.2 0.6
(5) (6) (7) (8)
Set 6 a' (cc)b a'(ca!)b a1 (be) b a' (ba')b
10.0 . 0.2 1.2 0.3
(-5) /—’i 1 C* 
■ 
v—t (~7) (-8)
Set 7 b(cc)a' b(a'c)a' b(cb)a* b(a’b)a'
10.0 2.8 0.4 ?
C-9) (-10) (-11) (-12)
Set 8 b(a'a')c b(ca’)c b(a’b)c b(cb)c
10.0 2.8 0.6 1.3
The only result to be unexpectedly strong in the above table is the 
c(ba!)b orientation of Set 4, with a relative intensity of 7.2, whereas 
the b(.a'b)c orientation of Set 8 has a relative intensity of 0.6. In 
certain crystal settings the background had a very steep slope that was 
not connected with hydrogen bonding, but probably arose from fluorescence 
or reflections from the crystal, Set 4 showed such a background and this 
may in some part account for the result, but probably only a small 
difference can be attributed to this. The background for Set 8 was much 
shallower.
The greatest variation, apart from that described above, was found 
between the b(a'c)a* arrangement of Set 7 and the a'(ca')b Qf Set 6, the 
former having a relative intensity of 2.8 and the latter 0.2. If Fig. 
is studied it can be seen that the wavevector would be expected to 
encounter the same relative number of molecules in the same relative 
orientations if it is incident along a' or along b. This is a consequence 
of the P2i/c space group and the presence of four molecules in the unit 
cell. Similarly, the b and c directions of incident radiation in the
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previous cases, for Sets 4 and 8, would not be expected to cause a 
difference in the relative intensities of the observed peaks. Whilst 
experimental error may account for the relative intensities difference of 
0.2 to 2.8, it would not be expected to account for the 0.6 to 7.2 
difference.
D2.4.3 Intramolecular vibrations
D2.4.5(a) The C-0 stretching vibrations
The v(C=0) stretch has been assigned to the band observed at 1719.
The nearest band to this, at 1702, has a similar intensity pattern so it 
must be assumed that the 1719 band includes both the A and the Bo . o
components. Hie 1719 band makes the greatest contribution, with height 
relative to the 879 band of 35-65%, to the spectra of Sets 1, 2 and 5 
with the polarization of the incident and the collected radiation along 
the b direction. For Sets 3, 6 and 7 the 1719 band was most intense when 
the cc polarizations were used, but the intensity was only about 17% that 
of the 879 band, In all of the above sets the components observed using 
other polarization combinations had a relative intensity of 2.4 or less.
The results for Sets 4 and 8 are not as clear as those for the other 
sets. For Set 4 the band observed using the orientation c(ba’)b was the 
most intense, with the component observed using the c(a'a1)b orientation 
also of considerable intensity. For Set 8 the b(a'a')c orientation gave 
the most intense peak, with weak contributions from the other orientations. 
If it is assumed that the experimental alignment is good and the 
orientation of the ions in the crystal is sufficiently close to the Raman 
axes to cause very little mixing, then it is apparent from the above 
results that components associated with the A mode are very mucho
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stronger than those associated with the B mode. For the A mode thes &
principal change in polarizability was observed to be associated with the 
bb component of the polarizability tensor, with moderate contributions 
for the cc and possibly the a'a' components. The peaks observed 
corresponding to the yz and xz, Ba, components of the polarizabilityto
tensor were always less than 61 of the height of the most intense band 
in the set. The be component was much more intense except for Set 8, 
when tire be and ac were about equal intensity and. Set 7 where the ac was 
more than twice as strong as the be band.
The v (C-0) stretching vibration has been assigned to the 1665 bandcl
and possibly to a doubtful shoulder at about 1684 in the Raman spectrum 
of the powdered sample, the latter seeming about 1691 in the single crystal. 
In seme of the crystal spectra the 1665 band is clearly observed, but in 
many of tire spectra the region between the 1665 band and the 1719 band is 
ill-defined. In some of these a band is also observed at about 1702, in 
others general low intensity scattering which has been subjected to 
Dupont curve analysis. In these circumstances it is very difficult to be 
certain of the contribution, if any, from a band at about 1691, and 
conversely tire possible contribution of the 1691 band to the 1665 band.
For the 1665 band, all of the sets of spectra, except Set 2 where all the 
observed scattering in this region is comparable to the noise level, the 
be polarizations are by far tire most intense. The 1665 band is generally 
one of the weakest but for Sets 4 and 8 it is about 40% of the intensity 
of the most intense band in the spectrum. For Set 4 the band is only 
observed for the c(bc)b orientation and for Set 8 the intensity of the 
band observed for the b(a'b)c orientation is about 131 that of the 
c(cb)c orientation. Scattering at about 1691 seems most likely for the 
a'b polarizations of Sets 4, 7 and 8. Thus, although the tables show that 
some 1665 scattering is observed for other polarizations, the be
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polarizations are dominant, and this band presents a marked contrast when 
compared with the 1719 band. Activity corresponding to the be and the a'c 
components of the polarizability tensor is expected for a mode, whichO
suggests that the 1665 band can be classified as a B mode (with theS
slightly higher frequency shoulder band as the A mode), if the 1665
o
activity observed, notably for the b(a'b)c orientation of Set 8, can be 
regarded as residual activity resulting from non-ideal alignment of the 
ions in the crystal (and experimental error) causing a small degree of 
mixing. The 'residual activity' could also be interpreted as arising from 
the overlap of A and B symmetry components, with the 1691 shoulder duec? &
to a non-fundamental. Indeed, the intensity of the A components for the
o
1665 band are greater than the intensity of the B components for theo
1719 band, so that it is probably more satisfactory to assign the 1691 
shoulder to a non-fundamental mode.
The vs(C~0) stretching vibration can be assigned to part of the 
complex of overlapping bands observed in the 1400-1470 region. The 
Dupont curve analyser can in general resolve the complex into three bands, 
at about 1415, 1427 and 1450. The 6(OH) band can be associated with one 
of the bands, and the third band assigned to a non-fundamental vibration 
(see p .463) . Although the high degree of mixing that is expected to 
occur between the 6(OH) and the vs(C-0) vibrations makes the assignments 
of the bands rather .artificial, the clearing of the 1450 region on 
deuteration implies assignment of the 1450 band to the 6(OH) mode. The 
strongest scattering at about 1427 can probably be assigned to vs(C-0).
The 1427 band makes the greatest contribution to the spectra with bb 
polarizations of Sets 1, 2 and 5, i.e. 65, 75 and 57% of the heights of 
the most intense bands in the sets. All the other polarizations for 
these sets were of very low intensity. The 1427 peak makes a very small 
contribution to the spectra of Sets 3, 6 and 7. The ba' polarizations
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gave rise to the most intense scattering for Sets 3 and 6, whereas for 
Set 7 the peak obtained using the a'c polarizations was the most intense. 
(The peak heights are influenced to varying extents by the relative 
intensities of the 1415 and the 1427 bands and the consequent effective­
ness of the Dupont analyses.) The ba! polarizations were observed to be 
generally the second most intense, although very much weaker, for the 
Sets 1, 2 and 5. For Set 4 the ba* polarization was again found to be the 
most intense, but for Set 8 the a'a5 was much more intense. Thus, with 
the exception of Set 8, the pattern emerges that the bb polarizations 
are associated with the most intense peaks, with some contribution from 
the spectra using ba1 polarizations. In all of the sets only very small 
peaks were observed, or none, that could be assigned to the Bo. components.C3
In the above it has been assumed that the 1415 band is due to a
non-fundamental vibration; however it has not been observed for sodium
hydrogen oxalate monohydrate and the greatest intensities are observed
for polarizations associated with a B symmetry vibration, which suggests&
that the 1415 band could be the B components of the band whose Ag * g
components are observed as the 1427 band. The 1415 band is not very 
strong in any of the spectra. Using the be polarizations it has about 
21% of the intensity of the most intense peak for Sets 4 and 8. For 
Set 8 the a'b polarizations also have a considerable intensity which would 
not be expected for a B band. Similarly the be polarizations for Set 7
o
were found to give rise to the most intense band, but the a'b and cc peaks 
were also of considerable intensity. For Sets 3 and 6 the peak observed 
using cc, be and ba' were all of similar magnitude. Again, for Sets 2 
and 5 other polarizations give rise to similar intensity bands as were 
observed using the be arrangement. (The peaks observed for Set 2 are too 
weak to make comparisons useful.) It is concluded from the above 
considerations that it is unlikely that the 1415 peaks represent the B^
- 585 -
components of the v (C-O) vibration. Concomitantly, the B components of ^ o
the 1427 band must be of very low intensity. This is similar to the 
behaviour of the 1719 band discussed previously.
Hie v(C-O) vibration has been assigned to the band observed at about 
1289 cm 1 . It is always very weak, having a maximum intensity of 2-31 of 
that of the most intense peak for Sets 4 and 8, and not being observed 
for Sets 1 and 2. The be polarizations were always observed to be 
associated with the most intense component, in most cases the only other 
peak observed was the a'b component. This pattern of behaviour is 
similar to that found for the 1665 band.
02.4.5(b) The C-C stretching vibration
For all of the sets of spectra the 879 band, assigned to v(C-C), was
observed to be the strongest band in the sets, and for Sets 4 and 8 it
was more than twice the intensity of the next most intense band in the
set. For Sets 1, 2 and 5 the peaks observed using bb polarizations were
very intense and for the other arrangements the intensities were 14%, or
less, than the intensity observed for the bb. Similarly for sets 3, 6
and 7 the cc polarizations were associated with much more intense peaks
than the other polarizations. The a'a' polarizations of Set 4 were the
most intense, but a considerable intensity was also observed for the a'b
polarizations. For Set 8 the peak observed using a'a'. polarizations was
considerably stronger than the next most intense peak observed with ca1
polarizations. The 860 and 899 bands show a rather similar general
pattern of intensities to the 879 band, so it is unlikely that either of
them represent the B components of the v(C-C) band. Thus, the B& S
components of the 879 band are very weak. Their greatest contribution 
was observed for Set 8 where the ca' peak was about 28% of the intensity
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D2.4.3(c) The CC^  angle deformations
Hie 719 band was observed to have about 101 of the intensity of the 
strongest band in the spectrum of the powdered material, and the intensity 
observed for the sets of spectra of the single crystal varies from about 
8-141 that of the most intense band in the set. The bb polarizations of 
Sets 1, 2 and 5, the cc polarizations of Sets 3, 6 and 7, and the a'a’
Sets 4 and 8, were the most intense and of relatively similar intensity. 
Except for the c(ba’)b orientation of Set 4, all the other components were 
weak to very weak.
Hie 488 band contrasts strongly with the 719 band in its behaviour.
The cc polarizations of Sets 3, 6 and 7 gave rise to bands that ranged 
from 71-79% of the most intense peak in the spectra, whilst for the other 
sets the 488 band components were weak to very weak. . The be and a'c 
polarizations in most cases gave rise to the next most intense scattering. 
Thus both of the Ba symmetry components appear as small contributions, 
whilst only the cc component of A symmetry is large.o
D2.4.3(d) The CO2 rocking vibrations
Since the spectrum of sodium hydrogen oxalate monohydrate was observed 
to have only one band that could be readily assigned to the higher 
frequency rocking mode, but potassium hydrogen oxalate had bands at 611 
and 595, it might be suggested that these two bands correspond to the A
o
and the B components of the band. Discounting Set 2, which is too weak S
to be helpful, the be polarization for all the sets was associated with
of the peak observed with a’a* polarizations.
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the most intense peaks. However, the peak observed using a'b polarizations 
was generally observed as the next most intense peak, often of the order of 
20% of the intensity of the be peak.
The 595 band was always observed to be very weak. The greatest
relative intensities were observed using the cc polarizations for Sets 3,
6 and 7, and somewhat weaker for the a'c of Sets 4 and 8. The a'c
polarizations also gave rise to small contributions to Sets 5, 6 and 7,
and the bb to Sets 1 and 5. The low intensities of the 595 peaks and
their broadness renders accurate measurement very difficult, especially
where the 611 band is much more intense and probably overlaps in to the
595 region. It seems unlikely that the errors of alignment and
measurement could account for the consistent contributions of the peaks
observed using the a'b polarizations for the 611 band so it is concluded
that the 611 band contains both A and B components of the rocking . S o
vibration and the 595 band is a non-fundamental mode.
Just as the 611 and the 595 bands might have been suggested to be the 
A and B components of one vibrations, so the 450 and the 465 bands
o o
could be suggested as possibly being the A and B components of a single' g g
vibration. The 450 band is generally more intense than the 611 band, but 
the intensity pattern is very similar; the be polarizations always give 
rise to the most intense bands (except for the extremely weak peaks 
observed for Set 2) , but, unlike the 611 band, weaker peaks were observed 
for most other orientations, not only when the a'b polarizations were used.
The 465 peaks were generally among the weakest in the spectrum, and 
for Sets 3, 4 and 6 no trace of the band was observed. For Sets 1, 2 and 
5, Sets 1 and 5 were observed to have the most intense peaks when the a'c 
polarizations were used, whereas Set 2 was most intense using the bb 
polarizations, and the peak observed using bb polarizations made a
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considerable contribution intensity for Set 1. The cc polarizations gave 
rise to the most intense peak for Sot 7, with some contribution from a'c.
No peaks were seen at about 465 for Set 8, but a peak was observed at 457 
using the b(a'a')c orientation. Since this band is half way between the 
450 and the 465 band it cannot be definitely assigned to either of them.
It seems unlikely from the observed activity that the 465 band is the 
Act component of the 450 band. As for the case of the 611 and the 595 
bands, the activity observed suggests that both the A and the B componentsa o
of the rocking vibration were observed in the 450 band and that the 465 
band is a non-fundamental,
D2.4.5(e) The CO  ^wagging vibrations
The C02 wagging vibrations have been assigned to the bands observed 
at about 362 and 321 cm 1. The 362 band is always weak and the 321 band 
extremely weak. (Settings where the 321 band was stronger than usual 
enabled its position to be measured more accurately than for the powdered 
material.)
The 362 band had the greatest relative intensity for Sets 3, 6 and 7. 
For these sets the peak observed using cc polarizations was the most 
intense, and also there was a significant contribution from the a'c 
arrangements. Sets 4 and 8 were observed to have the strongest peaks with 
a'c polarizations, here accompanied by significant contributions from a'a' 
arrangements. Sets 1, 2 and 5 were observed to have the most intense 
peaks when bb and a'c polarizations were used. The noise level probably 
caused considerable error of measurement, so probably the bb and the a'c 
polarizations gave rise to bands of very similar relative intensity. The 
general pattern for the 362 band is that the greatest intensity was
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observed for cc polarizations, then a'c, with some contribution from a'a' 
and bb. .
The 321 band was only observed for five of the eight sets. For four 
of these the 321 peak was detected only when be polarizations were used.
A very small peak was also observed for the b(a'b)c arrangement of Set 8.
It seems more likely that the weakness of this band, rather than it being 
due to the B component alone, accounts for the absence of peaks when 
other settings were used.
D2.4.5(f) The C-C torsional vibration
The C-C torsional vibration has been assigned to the band at 106 on-1. 
Sets 1 and 5 were observed to have the most intense components using a'c 
polarizations, and some contribution from the bb. Hie a'a' components 
were the only ones observed for Sets 4 and 8, and these were very weak.
Sets 3 and 7 had the maximum intensity associated with the cc polarizations 
whilst the ba' was the most intense for Set 6. Except possibly for the 
a'c, Sets 1 and.5, the 106 band does not seem to have a component that is 
much more intense than the others.
D2.4.5(g) Vibrations associated with the OH group of the acid oxalate ion
The S(0H), in-plane deformation, has been assigned to the band about 
1450. The band appears as part of the complex scattering in the 1400-1470 
region, and as such its intensity is subject to error, especially for 
spectra where the adjacent 1427 band is very strong and the 1470 band is 
present. The greatest relative intensity of the 1450 band was observed 
using the bb polarizations for Sets 1, 2 and 5. The results for the other
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sets is rather confused. The 1450 band of Set 4 was observed to have the 
maximum intensity when the a'b polarizations were used, and also considerable 
contribution with the a'a' arrangement. For Set 8 and a'a' arrangement gave 
rise to the most intense peak and of the four combinations the a'b was the 
least intense, i.e. about 20% of the a'a' intensity. The a'b arrangement 
again appeared as giving rise to the most intense pealc for Sets 3 and 6.
The peak observed with the cb polarizations and a somewhat lower intensity 
peak for the a'c were the only two components clearly observed for Set 7.
For Sets 3, 6 and 7 very complicated spectra were observed when cc 
polarizations were used. As will be shown below, these were the spectra 
that showed very marked effects due to hydrogen bonding. The region 
between about 1300 and 1700 became a series of bands of not very different 
intensity (i.e. one band did not dominate the region), which overlapped 
each other to a considerable extent (see p.550 ). The Dupont analyser 
matching of the experimental curve did not require the presence of a peak 
at 1427, although a small contribution at 1427 could probably have occurred 
without being apparent. The 1450-1470 peak positions were occupied by what 
seemed to be one broad peak. The maximum of this was closer to the 1470 
position, so it has been assigned to the 1470 band, but a small contribution 
by the 1450 band may have occurred.
The 1109, y(0H) band was always one of the weakest bands in the 
spectrum, and it was not observed for Sets 2 and 4, and only possible traces 
of it were found for Set 1. A low intensity, broad peak was observed for 
the be polarizations of Set 8, and a similar band was observed for the be 
arrangement of Set 5. In a similar way to the 1450 band discussed above, 
the 1109 band intensity, using cc polarizations for Sets 3, 6 and 7, is 
difficult to estimate as it appears as a shoulder on the more intense
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rather broad 1191 band. For Set 3 the 1109 band was only observed using 
cc polarizations, and for Set 7 the cc polarizations clearly gave rise to 
the most intense peak. The intensities of the peaks using be and cc 
polarizations were estimated to be very similar for Set 6. The general 
pattern seems to be a maximum intensity associated with the cc component 
and a somewhat lower intensity from the be.
The v(CH) fundamental was not assigned. The 0-H...0 distance of 
2.518 X (81), suggests that it will probably be located in the region of 
the very broad absorptions observed for the cc polarizations of Sets 3,
6 and 7. The Raman spectrum of the powdered sample suggested that the 
underlying v(0H) band was centred about 1540, and the spectra obtained 
using cc polarizations for Sets 3, 6 and 7., compared with other spectra 
having strong scattering in the 1000-1700 region, clearly indicate a 
different quality in the spectra (see pp.549 to 552)
The very broad 1900-3000 bands, typical of compounds containing strong 
hydrogen bonds, have been clearly observed when cc polarizations were used 
for Sets 3, 6 and 7. Possible traces were also observed using be 
polarizations for Sets 3, 6 and 7, and probably for the be of Set 8. The 
positions of the band maxima shown in the tables for Sets 3, 6, 7 and 8 
varies considerably. Comparison of the spectra shoxvs that this is due to 
difficulty in measurement of the sub-maxima of such broad bands, rather 
than basically different spectra being obtained, although the scattering 
in the 1800-2200 of the Set 3 spectrum is somewhat less intense than for 
the spectra of Sets 6 and 7. Noise can also have a considerable effect on 
the position and ability to distinguish sub-maxima, or possibly giving 
the appearance of a very weak sub-maximum where none exists. As in the 
case of sodium hydrogen oxalate monohydrate the maximum polarizability 
change is clearly along the C-C axis in the mean ion plane, and so 
approximately parallel to the acid oxalate ion chain.
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D2.4.4(a) Translations of the potassium ion
The Raman band at 177 has been assigned to a translation of the 
potassium ion, and the 156 band to either a translation of the potassium 
ion or the overtone 2T^ (H0X) (see p.452).
The 177 band was always very weak. The a’c polarizations gave rise 
to the most intense components for Sets 5, 6, 7, 4 and 8, with some 
contribution from the a’a'. For Set 1, only one very weak component was 
observed, the bb, whereas Set 5 showed two very weak components, the bb 
and the a'c. The 156 band was only found in the spectra of Sets 1 and 5. 
Since the 156 band is at the side of the generally very intense 124-147 
group, it may have been present in other spectra, but did not occur with 
sufficient intensity to be found in the Dupont analysis of the region.
The a'c component of Set 5 was analysed to have about 19% of the intensity 
of the most intense band in the set. The a'b component was also observed 
as a very weak peak. For Set 1 the a'b component was most intense with a 
considerable contribution from the bb. Obviously these results are not 
very consistent. The c(a'c)a' orientation of Set 1 is known to be very 
unreliable, due to ghosting and reflections off the crystal, so Set 5 
results will be taken as correct.
Factor group analysis (see Appendix 7 ) indicates that three Aa and
three B bands can be expected due to the translations of potassium ions.
The a'c components of the 177 band can be assigned to a B band, however§
the observation of bb components for Sets 1 and 5 and the weaker contri­
butions from a'a' for Sets 4 and 8 suggests that the band may be due to the 
apparent coincidence of the A and B components of a translation. The
o o
inconsistency of the data for the 156 band makes a conclusion less valid,
D2.4.4 Intermolecular vibrations
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assigned to potassium ion translation. Alternatively, if it is assigned
to 2T^  (HOX) = 2(79) = 158, the 79 band probably has A^ symmetry (i.e. not
A and B ), so the overtone band should be of A symmetry, which agrees § S §
with the experimentally found polarizability characteristics of the 156 
band. (If the 79 band was A and B . then a B combination could occur.)v CF &  ' O'o  &  o
D2.4.4(b) Librations of the acid oxalate ion
The librational modes of the acid oxalate ion have been assigned to 
the bands at 167, 147, 134, 124 and 89.
The 167 band is generally weak, but for all of the sets the be 
component is the most intense. The 147 band was rather weak, being most 
intense for the bb components of Sets 1 and 5. For the other sets the a'b 
polarizations gave rise to the most intense peaks. The a'b component was 
the most intense for all the sets of the 134 band. Except for Set 1, the 
a'b components were the most intense for all the sets of the 124 band. As 
previously noted, the c(a'c)a' orientation of Set 1 was very poor and the 
result unreliable. The 89 band was only observed in Sets 1 and 5. The 
a'c component only was observed for Set 1 and the a'c was the most intense 
component of Set 5, with some contribution from the bb. The position of 
the 89 band, between the 79 and the 101 bands, makes its precise intensity 
difficult to estimate.
It can be seen from the above descriptions that the 147, 134 and 124
bands can probably be concluded to be of A symmetry, and the 167 band of
6
B symmetry. The 89 band is probably of B symmetry, but its weaknesss s
and observation for only two sets make any conclusion tentative. Factor 
group analysis indicates that three A and three B librations should beo -
but it seem likely the A components only are present. It could be
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expected. The three A bands, 147, 134 and 124, had equivalent bands in
o
the spectra of the lithium and sodium acid oxalate monohydrates and 
potassium deuterium oxalate. The librations are usually very intense.
The 134 and 124 bands were, in general, the two most intense bands in the 
spectrum. Hie 147 band was considerably weaker, but the assignment of 
147 as the fundamental, and the more intense 140 band to a combination, 
seems in better agreement with the other compounds studied. For the 
powdered lithium compound Raman bands are observed at 141 and at 149, but 
in this case the 149 band was about three times as intense as the 141.
The situation for the sodium compound is much more like that for the 
potassium; the pattern of intensity for the 152 and the 156 bands suggested 
that the weaker 152 band should be assigned to the fundamental rather 
than, the more intense 156 band. It was necessary to use Dupont curve 
analysis to estimate the intensity of the 140 and 147 bands of the ’ 
potassium compound. The relative intensity of these two bands (and also 
the other bands in the group), depended considerably on the band widths 
used, and, for the 147 band especially, its precise position and the 
precise positions of the neighbouring 140 and 156 bands.
The 167 band was the only band that could be readily assigned to the 
B librations, since all the other bands in the 110-170 region are of Aa
O  £>
symmetry. Weak or very weak components, associated with B symmetry, were
o
sometimes observed for the 147, 134 and 124 bands so the possibility that
they may be due to the experimental coincidence of the A and B componentsS o
of a translation cannot be completely ruled out. The coincidence in most
cases of the A and B components of intramolecular vibrations for the 
g §
potassium compounds does not necessarily imply that the A and B 
components of intermolecular vibrations should be expected to be 
experimentally coincident. Various cases appear in the literature where 
the site group can be used to explain the observed intramolecular
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vibrations, but a full factor group analysis is necessary to explain the 
observed intermolecular vibrations. The second band assigned to a
libration was observed at 89. As discussed above, the assignment as a B 
is tentative (see below also) . A suitable band for the third B librationo
could not be found, so it must be assumed that it is either too weak to be 
observed, possibly due to its position among the intense 124 to 147 bands, 
or that it coincides with an A libration and only appears as weak 
components, i.e. of a similar intensity to that which might be due to 
experimental errors of alignment or the known slight differences in 
direction of the ion and Raman axes.
D2.4.4(c) Translational vibrations of the acid oxalate ion
The translational vibrations of the acid oxalate ion have been 
assigned to the bands at 101, 79, 62, 57 and 41.
The 101 band was observed to have the maximum intensity for the a'c 
polarizations for all sets. Sets 1 and 5 of the 79 band had maximum 
intensity for the bb arrangement and Sets 4 and 8 for the a'a'. Sets 3 
and 6 were generally very weak. Set 3 was observed to have the maximum 
intensity for the a'b, whilst for Set 7 it was the a'c. It is doubtful if 
the scattering about 79 was above the noise level for Set 6. The 62 band 
was observed to have the maximum intensity for the a'b polarizations of 
all sets. The 57 band was most intense for the a'c arrangement for all 
sets except Set 5 where the bb was slightly more intense than the a'c. 
(Ghosting prevented the observation of the 57 and the 41 bands of Set 1.) 
The a'a' component of Sets 4 and 8 of the 41 band were the most intense 
peaks observed for these sets. The bb polarizations gave rise to the most 
intense component for Set 5, and the a'c for Sets 3, 6 and 7. The 
intensity of the a'c component for Sets 3, 6 and 7 ranged from 10 to 37%
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of the intensity of the most intense peak in the set. The a'c component 
was the second most intense, but much weaker, for Sets 4 and 8, and also 
for Set 5.
From the polarizability pattern, of the 101 and the 57 bands, they can 
be assigned to B translation vibrations, whilst the 79 and the 62 bands
o
can be assigned to Ag. It is conspicuous that the 57 and 62 are close in 
frequency and components observed for one band have not, in almost all cases, 
been observed for the second band. De Villepin and Novak recorded only
one band at 61 for the powdered potassium deuterium oxalate, but no bands 
about 57-62 for potassium hydrogen oxalate. Hie observation of the bb 
component for Set 5 as the most intense, and the observation of weak or very 
weak A components for other sets, makes the assignment of the 57 band as aO
translation slightly doubtful. The 41 band must be concluded to be due 
to the overlap of A and B components.
o  8
Factor group analysis indicates a maximum of three A and three B
o §
translations can be expected. The 101, 79 and 57 bands were observed to 
have equivalents in the spectrum of the sodium compound. The band observed 
at 92 for theilithium compound can probably be assigned to a similar 
translation as the 101 bands of the potassium and sodium hydrogen oxalates. 
The apparent absence of the 101 band for the potassium deuterium oxalate 
may possibly be associated with the position at the shoulder of the mudi 
more intense group of bands between about 119 and 147 cm-1. Tine intensity 
of the 41 band suggests that it must be assigned to a fundamental vibration, 
and since it has components of A and B symmetry, it can be assigned to
o &
the overlap of two translations. The 62 band seems to be the second of a 
pair of bands with the 57 band, and as such corresponds well with the 
observations of one band at 54 in the single crystal spectra of the sodium 
compound.
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As in the case of sodium hydrogen oxalate monohydrate, the most 
important non-fundamental bands of the potassium compound are those 
between about 1700 and 3000, that are very broad and typical of the 
strongly hydrogen bonded compound (see Section B2.4.3(g), p.489}.
Assignments for the other non-fundamental vibrations have been given 
in the section on the powdered, sample. 'Hie intramolecular vibrations 
were found to contain experimentally unresolved A and Ba components and& c?
in the same way most of the non-fundamental bands observed seem to 
contain A and B(. components. Some of the intermolecular vibrations have 
been assigned to one symmetry species only and some of the non-fundamental 
vibrations in that region may be of one symmetry species only. The 140 
band is predominantly, or only, of A^ symmetry whilst the 69 band clearly 
has components of Aiy and B symmetry.
&> o
D2.4.5 Non-fundamental vibrations
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D3.1 Introduction
The oxalate ions in the unit cell of potassium hydrogen oxalate and 
sodium hydrogen oxalate monohydrate are arranged sufficiently closely to 
the Raman axes to make comparison of the principal activities of the 
bands possible directly fran. the observed spectra,
D3.2 Comparison of intramolecular acid oxalate fundamental vibrations
The table on p.599 shows the experimental polarization directions
that were observed to give rise to the most intense components. For most
of the bands listed it can be seen that the most intense component for one
compound is either the most intense for the second or appears as a major
contributor. All Raman bands of sodium hydrogen oxalate are of A
symmetry, but the Raman bands of the potassium, compound can have A and Bg g
components. Nine of the bands listed above (i.e. including the bands over 
1800-3000') show the most intense component and the major contributors to 
be of components associated with both A and B symmetry. All of the most6 O
intense components for the 1719, 1450, 1427, 879 and 719 bands were of 
Act symmetry, whilst the 321 band had only a trace of any other component 
than be, associated with a B symmetry vibration. For all of the bands
G>
with components associated with either A or B symmetry, no band of
o  o
clearly the opposite symmetry is observed in the vicinity that could be 
assigned as belonging to the same vibration. This also indicates that the 
lower intensity components of the opposite symmetry observed for a band, 
although in part may be due to experimental error in orientation and the 
ion axes not being exactly parallel to the Raman axes, are a real 
contribution from the components of opposite symmetry to the major 
contributors. The similar intensity patterns of the bands of the sodium
D3. Comparison of the single crystal spectra of acid oxalates
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and potassium compounds probably shows the predominant effect to be the 
chain structure of the acid oxalate ions for both. The cis linkage of the 
ions for potassium acid oxalate is replaced by a trans linkage in the 
sodium compound. This might be expected to change the emphasis of, rather 
than fundamentally alter, the relative intensities of the polarizability 
components, and could account for the usually similar, but not identical 
or completely different, character of the vibrations of the two compounds.
It is usually considered that the c(GH) and v (C-0) vibrations of 
the acid oxalates and similar compounds are extensively mixed. For
the sodium and the potassium hydrogen oxalates, the bands assigned to the 
S(GH) and the vs(C-0) vibrations were observed to have the same pattern 
of most intense and major contributor components. This conclusion is also 
supported by the observation after deuteration of the potassium compound 
of only one much more intense band at a position about half way between 
the 6(OH) and vs(C-0) vibrations of the protonated compound, The v (C-0) 
vibration has been assigned to the 1572 band for sodium hydrogen oxalate 
monohydrate and to the 1665 band of the potassium hydrogen oxalate. Since 
the 1644 band of the sodium compound, assigned to the 6(HOH) vibration, is 
much closer in frequency to the 1665 band of the potassium compound it 
could be suggested that the assignment was incorrect, or possibly that the 
1572 and 1644 bands had interacted and pushed the frequencies apart. Hie 
most intense component for the 1644 band was observed to be the b'b’, with 
major contributions from the b’c and the cc. This can be compared with the 
most intense component of the 1572 band being the cc, with a major 
contribution from the b’c. Whilst interaction of the bands on simple 
symmetry considerations is not forbidden, as they are both of A symmetry,o
the intensity pattern of the polarizability components is not very close. 
For the potassium compound it was observed that the intensity pattern of 
the v (C-0) and the v(C-O) vibrations was very similar. For the sodium
-  6 0 1  -
compound the pattern for the 1572 band is much closer to that of the v(C-O) 
vibration than the 1644 band to the v(C-O). From these observations it is 
concluded that the assignment of the 1572 band to the v„(C-0) vibrationcl
was correct.
The closeness in frequency of the 6(C02), 496 band and the p(C02),
471 band of sodium hydrogen oxalate .monohydrate, and the corresponding 
bands at 488 and 450 for potassium hydrogen oxalate, suggests that these 
may be extensively mixed in a similar way to the v (C-0) and 6(OH) bands.
The polarization characteristics of the 496 and 471 bands of the sodium 
compound are rather similar, with somewhat greater intensity for the b'c 
of the 471 band. The polarization characteristics of the 450 and 488 bands 
of the potassium compound differ considerably; the cc are by far the most 
intense for the 488 band whilst the be are clearly the most intense for 
the 450. Although the most intense component of the 488 band is of A^  
symmetry and the most intense component of the 450 band of B symmetry, 
both of these bands do contain components of the opposite symmetry. From 
symmetry considerations the mixing of appropriate components of the two 
bands for the sodium and the potassium compounds is allowed, but differences 
in the polarization characteristics, especially for the potassium compound, 
suggests that the mixing may not be very extensive.
The t(C-C) vibration has been assigned to the 107 band of sodium 
hydrogen oxalate monohydrate and to the 106 band of potassium hydrogen 
oxalate. For the sodium compound the a'a' component is definitely more 
intense than the a'b' and the a'c components, but the difference is not 
extreme. The situation for the 106 band of the potassium compound is 
rather similar; here there is little to choose between the a'c and the cc, 
a'a', bb and a'b components.
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The table on p.602 shows that four of the lattice vibrations common 
to both the sodium and the potassium compound have the same component as 
most intense and the remaining two have the most intense component of the 
potassium compound appearing as one of the major contributors of the sodium 
compound.
The intensity patterns for the 101 and the 107 bands of the sodium 
compound are very similar and only the slight difference in frequency and 
the observation of an IR band at 114 suggests that the higher frequency 
should be assigned as the x(G-C) band. Although it is less intense, the 
106 rather than the 116 band of the potassium compound has been assigned 
to the t(C-C) vibration. An IR band has been observed by de Villepin and 
N o v a k a t  112, which suggests that if the potassium follows the same 
pattern as the other compounds, the corresponding Raman band is probably 
at a slightly lower frequency. The 106 intensity pattern seems a little 
more like that of the sodium compound for the 107 than the 116 band of the 
potassium compound (assigned to a non-fundamental vibration), These 
observations are obviously only suggestive and cannot provide a sure 
assignment for the bands discussed.
The potassium hydrogen oxalate band at 89 has been assigned as 
Rg(HOX) as it seems likely that the missing libration is at a frequency 
higher than 89 cm-1.
D5.3 Lattice vibrations
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Al(a) The oxalate ion in aqueous solution
The oxalate ion in solution has been shown to have D£ or V>2(\ 
symmetry. Since all of the fundamental vibrations were not observed, the 
IR and Raman band pattern in the C-0 stretching region, between 1300 and 
1600, was used to deduce the ion symmetry. One of the totally symmetric 
bands in the region, probably that at 1455, was shown not to be due to a 
fundamental. No satisfactory explanation could be given for this band, 
but it was shown that the explanations in the literature were incorrect.
Ammonium chloride solutions were used to show that, contrary to the 
Bardet and Fleury assignments^ , the IR band observed at 1460 for 
solutions of ammonium oxalate was due to the NH* ion, not to the oxalate 
ion. Conversely, the NrC ion makes very little contribution to the Raman 
spectrum in the region about 1460 and the band about 1455 can be 
attributed to the oxalate ion.
Al(b) The acid oxalate, ion in solution
It was not possible to establish if the acid oxalate ion was of Cg 
or C^  symmetry in solution, as the Out-of-plane vibrations were not 
observed. MINBO/3 calculations indicate that the non-planar ion is more 
stable, although it is unable to form an intramolecular hydrogen bond. 
Deuteration altered the 1350-1450 region of the Raman spectrum from three 
moderate intensity bands at 1380, 1412 and 1445 to one very intense band 
at 1412. This was explained by assigning the 1380 band to 6 (OH) , which
A. Conclusions
Al. Solution studies
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shifts to 1062 on deuteration, the 1412 band to vs(C-0) and the 1445 to 
26(COOH), shifted and enhanced in intensity by Fermi resonance.
Al(c) Oxalic acid in solution
Intensities of the v(C-C) vibration for oxalic acid and the acid 
oxalate ion have been used to show that K1, the first dissociation 
constant, for oxalic acid, is very concentration dependent. The extent 
of the first ionization can be estimated much more accurately by the 
spectroscopic method than by using an equilibrium constant unsuitable for 
an electrolyte as strong as oxalic acid.
The large number of IR and Raman coincidences have shown oxalic 
acid not to have a centre of symmetry in solution. Other features 
indicate that the symmetry is as low as CQ or C-,, and probably Cp in 
agreement with dipole moment and UV studies recorded in the literature. 
Energy considerations show that hydrogen bonding to polar solvents and 
a. large dihedral angle are preferable to a planar ion with intramolecular 
hydrogen bonding. A strong, broad absorption, about 3000, in the IR 
spectrum of solutions in acetone and ether was associated with a v(QH) 
vibration. Two bands at 950 and 1075 were assigned to the 6(0D) in-plane 
deformations. The corresponding 6(OH) bands could not be assigned, but, 
since deuteration was observed to decrease the scattering in the 1300­
1450 region of the Raman spectrum, they were probably lost among the 
more intense bands. The y(0H) and y(0D), out-of-plane deformations 
could not be positively assigned. However, the polarized Raman band at 
811 in DC5, solution may be due to y(0D) or cofCX^ ). If either of these 
assignments is correct then the symmetry of the molecule must be C-^ 
rather than Cs.
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A2(a) The oxalate ion
All of the fundamental vibrations of the oxalate ion have been 
assigned, but the v2 and vi2 fundamentals could not be found for all of 
the nine oxalates studied. Factor group splitting was observed for the 
four C-0 stretching modes, the v(C-C) and the 6 (0C0) vibrations of somecL
of the compounds. Doubling of the Vi, v2 and v3 Raman bands was observed 
for anhydrous calcium oxalate and calcium oxalate monohydrate. This was 
interpreted as arising from the oxalate ions at the two distinct sets of 
sites. Factor group splitting, of the sort mentioned previously, was not 
observed. The doubling for both calcium oxalates supports the conclusion 
of Gerard, Watelle-Marion and Thierr-Sorel^^ that the dehydration, to 
the a and B forms, has the characteristics of a topotactic reaction with 
the preservation of the crystal structure. (The X-ray powder patterns 
for the a and B forms were too similar to decide which form was obtained 
in this study.) Doubling of the water stretching modes and librations 
was also observed. The frequency range of about 400 cm-*1 for the water 
stretching vibrations has been interpreted in the literatureas 
showing that the two 0-H bonds of the H20 molecule are sufficiently 
different to be effectively decoupled. The frequency difference is of 
the order of four times as great as that observed for the potassium 
oxalate monohydrate which does indicate that the 0-H distances are 
probably not all very similar. However, the spectra do not have the 
general appearance of a compound containing hydrogen bonds as short as 
2.54 and 2.57 Tv, and the band positions are higher than would be 
expected for these bond lengths. Observation of the Raman spectrum as 
well as the IR spectrum has lead to the reassignment of some of the 
bands observed by Petrov and Soptrajanov.
A2. Solid state studies
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The space group Pbam has been suggested for anhydrous potassium 
oxalate on the basis of the IR and Raman spectra and X-ray powder 
patterns. The only other possible orthorhombic space group is Pmma, 
but the powder patterns were more like that expected from Pbam, although 
not positively excluding the possibility that it could be Pmma.
Comparison of the region below 300 cm-1 for the nine oxalates studied 
has enabled a tentative assignment to be made for the lattice vibrations. 
MIND0/3 calculations have indicated that the t(C-C) torsional vibration 
can probably be assigned to the band about 100-130 observed for most of 
‘the compounds whose far~IR spectrum ivas obtained.
It seems probable that the 794-804 IR reflection band observed by
fl29^Fournel and Vergnoux ■ - should be assigned to a CO 2 deformation rather
than a CO2 in-plane rock. The band at 443-455 they assigned to a CO2 
symmetric deformation has been assigned in this study to a NH^  
libration. Whilst this assignment must be considered tentative, it is 
apparent that their IR band about 443-455, and the 445 IR band recorded 
in the present study, are too far from the 489 Raman band to be 
assigned to V3. It seems probable that pa.rt of their group of bands 
1414-1468 is due to the IR active components of the Vi vibration.
The single crystal study of potassium oxalate monohydrate has
confirmed the assignment of the 1604 and 555 Raman bands to the B,og
v (C-0) and v (O-C-O) vibrations, respectively, of the oxalate ion under 
■E^ h symmetry.
A2(b) The acid oxalate ion
The IR and Raman spectra of powder samples of lithium, sodium and 
potassium acid oxalates have been studied much more extensively by
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de Villepin and Novak^ 150’15^ ’^ '^ than has been possible in the present 
study, i.e. low temperature, dehydration, deuteration and 6Li-7Li 
substitution. Most of the assignments given here agree with those of 
de Villepin and Novak. In this study a suggested assignment has been 
given for all the observed bands, although the assignment of the very 
broad bands associated with the effects of very strong hydrogen bonding 
to combination bands can only be considered as a rough approximation of 
the real factors involved. A more extensive assignment of the region 
below about 220 cm"* has been given by comparison of the acid oxalates 
with each other and also with the neutral oxalates.
Most of the differences in assignment between this study and those 
of de Villepin and Novak occur in the low frequency region where 
assignment is always more difficult. They have assigned the two com­
ponents predicted by factor group analysis to a few of the potassium 
acid oxalate fundamentals idlereas in this study the weaker nearby peaks 
have been assigned to non-fundamental vibrations. The single crystal 
Raman spectra have shown that in each case where a second weaker band 
is not too far removed from the peak assigned to the fundamental, 
the second band is not of the complimentary symmetry to be the second of 
the factor group pair. For all of the fundamentals of the potassium 
hydrogen oxalate both A and Bo contributions were observed, buto £>
contributions from one of these symmetry types is generally dominant. 
Despite the different crystal structures, it is generally observed that 
for a given acid oxalate ion fundamental the most intense components 
for sodium hydrogen oxalate monohydrate are the same as those for 
potassium hydrogen oxalate. The similarities in intensity patterns of 
the sodium and potassium compounds has been used to assist the assignment 
of the lattice vibrations. The o(OH) and vs(C-0) bands are usually 
considered to be extensively mixed and the single crystal studies show
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the great similarity of their intensity patterns.
The single crystal studies clearly show that the changes of 
polarizability of the very broad bands,associated with the presence of 
strong hydrogen bonds, is primarily parallel with the acid oxalate 
chains (with some contribution at right angles to the chain) . Whilst 
this effect is most clearly observed for the region above 1700, it is 
also observed in the lower frequency range. Some Raman scattering was 
observed in this study between the water stretching modes and the acid 
oxalate fundamentals for lithium hydrogen oxalate monohydrate.
B. Summary
The study of a large number of neutral and acid oxalates in the 
solid and solution and the oxalic acid solutions illustrates the 
influence of the change of phase and the addition of the hydrogen atoms. 
Some vibrations do not shift very greatly, such as the band approximately 
described as v(C-C), which shifts from about 904 to 870 and 849 for the 
series of solutions in H20 of the oxalate ion, the acid oxalate ion and 
oxalic acid. The effects of deuteration on the acid oxalate spectrum in 
the 1400-1500 region was found to be similar for the acid oxalate ion in 
solution and in the solid phase. Such studies greatly assisted the 
interpretation of the spectrum of oxalic acid in aqueous solution where 
substantial quantities of the acid oxalate ion also occurred. The 
symmetry of the oxalate ion in solution was shown to be D2 or D^, 
depending on whether the band observed about 1573 is due to the 
accidental or necessary degeneracy of two C-0 stretching vibrations. The 
similarity in frequency of these two vibrations was also found in the 
spectra of the powdered oxalates. For an oxalate of unknown symmetry, 
these vibrations are not a reliable indication of the presence or absence
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of a centre of symmetry. The other pairs of vibrations, i.e. the 
p(O-C-O) and w(O-C-O), at about 520-640 and 330-360, respectively, that 
become degenerate under D2  ^symmetry, were also found to have very 
similar frequencies for the powdered oxalates. Better criteria for 
deciding on the presence or absence of a centre of symmetry are probably 
the appearance of one or more bands corresponding to the totally 
symmetric vibrations, under in the IR spectrum and the band about
1320 in the Raman spectrum. Even here care is needed, as not all of 
the totally symmetric bands have been observed in the IR spectra of 
compounds where they are allowed, and, often a combination band was 
found not very far from the 1320 band,
C, Suggestions for further study
It will be apparent from the results given that further study of 
the region below 250 cnf1 would be desirable for most of the compounds. 
Other Raman spectrometers are available that do not have the same ghost 
problem as the SPEX 1401. Preliminary investigations of other crystal 
growing media suggested that it might be possible to grow thick crystals 
of potassium oxalate monohydrate in aqueous urea solutions. (Thicker 
crystals were obtained but they were of poor optical quality.)
The results of the calcium oxalate monohydrate spectra suggest that 
the crystal structure given in the literature, although generally correct, 
may not be very precise for the water molecules. The differences in the 
spectra of anhydrous lithium hydrogen oxalate at room and low temperatures 
observed by de Villepin and Novak merits further investigation. A 
powder X-ray study should show if the pattern change with temperature is 
only that expected from a lowering of the temperature or whether a phase 
transition also occurs.
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APPENDIX 1
Abbreviations and Symbols appearing in the tables and text
v stretch
v symmetric stretchs
Va
I
asymmetric stretch (or antisymmetric stretch for H2O)
Vi,V2,V3 numbering of fundamental vibrations, in accordance
with reference 179
6 deformation or spreading
x twisting or torsion
w wagging
p rocking or depolarization ratio for Raman bands
DP depolarized
p polarized
(w) weak
(in) moderate
(s) strong
(vw) very weak
(ms) moderately strong
sh shoulder
joined (for bands of comparable intensity which overlap 
each other)
sp sharp
b broad
d diffuse
p.e.d. . potential energy distribution 
PE Evan’s window
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APPENDIX 2
Conventions
<•
Infrared
The recommendations and suggestions described in the 'Report on
11791Notation for the Spectra of Polyatomic Molecules',^  J have been 
followed. For a planar oxalate ion, acid oxalate ion and oxalic acid, 
the molecular plane is the yz plane, with the x axis perpendicular to the 
plane. This basis has been used for correlations to non-planar arrange­
ments. In some references the molecular plane has been taken as the xy 
p l a n e p or the oxalate ion, under symmetry, this has the 
effect of exchanging the B-, and Bg labels describing the symmetry modes. 
In the tables and text appearing in this thesis, such labels have been 
changed to conform to those applicable when yz is the molecular plane.
Raman
The recommendations and suggestions described in the 'Report on
f  1 7 9 ^Notation for the Spectra of Polyatomic. Molecules'v J have been followed 
in the same way as in the IR. During the course of study, further 
recommendations were made, in Rosasco^^ on the presentation and 
specification of Raman spectral data representing 'normal' Raman 
scattering from isotropic materials. These recommendations will be 
followed as far as possible. Contrary to the recommendations, Raman 
spectra have been run at constant chart speed and not with a 2:1 scale 
compression in the abscissa, as is usual for IR spectral display above 
2000 cm-1.
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The notation introduced by Damen, Porto and Tell^^ has been used 
to describe the directions of light propagation and polarization, i.e.
X(YZ)Y
where the first letter shows the propagation direction of the incident 
light, the second letter the direction of polarization of the incident 
light, the third letter the direction of polarization of the scattered 
light, and the fourth letter the direction of the scattered light. For 
the experimental conditions used in this study, the depolarization ratios 
of solutions may be written,
I (Z(XZ)Y)
p = -------
I(ZQOQY)
The capital XYZ refer to a laboratory set of axes. For single 
crystal work, abc refer to the three crystallographic axes for the system 
being described and so are not necessarily orthogonal. For Raman 
experiments three orthogonal axes are used. A prime is used to indicate 
an axis chosen for the Raman work that is not coincident with a 
crystallographic axis, e.g, for the monoclinic potassium oxalate mono­
hydrate crystals, the axes used for the Raman are abc', where c' is at 
about 21° from the crystallographic c axis. In the study of single 
crystals the direction of polarization of the incident and collected 
radiation is sometimes of interest, without regard to the directions of 
the incident and collected beams. In these cases the Porto notation has 
been shorted to ab, etc, the first letter indicating the polarization of 
the incident radiation and the second the polarization of the collected 
radiation.
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APPENDIX 5
Physical Data
Potassium oxalate in aqueous solution 
Depression of freezing point^^
Ny At/N Nw At/N
0,1 4.46 1.62E 3.9
0.25 4.26
0.5 4.18
N is the number of gram formula weights of solute per 1000 g water w
Nv is the number of gram formula weights of solute per litre of solution 
At/N is the molai freezing point lowering
Potassium hydrogen oxalate in aqueous solution 
Depression of freezing point
0.025 3.63
0.05 3.49
0.10 3.34
0.15 3.24
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Oxalic acid in aqeuous solution 
Ionization constants
Huhn and Berik^ ^
Ki = 6.5 x 10"2 K2 = 6.1 x 10"5 
c [H+] [(COO)22“3 [HC20,"3 [H2C20,J
10° 2.26 X 10"1 6.10 X 10" 5 2.24 X 10"1 7.76 X 10'
10"1 5.45 X 10“2 6.09 X 10"5 5.44 X 10"2 4.56 X 10'
■f—
1
O
I JO 8.87 X 10"3 6.02 X 10“ 5 8.75 X 10“3 1.19 X 10'
10"3 1.04 X 10" 3 5.46 X 10" 5 9.31 X 10“" 1.49 X 10'
10“" 1.31 X 10"" 3.17 X 10“ 5 6.82 X 10“ 5 1.38 X 10'
Bonhomme and Juillard^^ 
pKj = 1.23 pK2 = 4.24
McAuley and Nancolles^ ^
Temperature (°C) 0° 15° 25° 35° 45°
10% 5.70 5.60 5.60 5.18 5.07
Chandler
K, = 3.8 x 10“2 K2 - 4.09 x 10“5
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APPENDIX 4 
Correlation Tables
4.1 C^ , D2 and Do^ , for the oxalate ion
The following table shows the correlation of the groups C^ , D^, 
and D?{p as it applies to the oxalate ion. The basis is a D^, planar, 
oxalate ion, with the yz plane as the molecular plane, and the x axis 
perpendicular to the plane.
C.
1
D2h D, D2d
v2 Ag —  Vx
V3 Ag —  v2
Vi, Ag —  v3
v 12 A^ -
v8 A.
A:'g
A ■S
v, A^
u Vs Blu'
v9 Au  v6 Blu-
Vx
V2
V3
A
A
A
Vi, A
v5 Bx 
ve B-,
Vx A1
V2 A1
V 3 A1
Vi* B1
Vs B 2
Vs B 2
v5 A„ V7 B
2gs
v7 A,u
Vx Ag
V5 A
v3 B s
vio Ay-  v9
2u
B2u‘
Vio B 
Vx i B
3g
3e
V n  Au  -V1 2 B 3u
v
XX
V 7 
Vs 
V9
Vxo
Vxx
v7 E
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The correlation here is again based on a planar oxalate ion,
with yz as the molecular plane and the x axis perpendicular to the plane.
4.2(a) Reduction of symmetry to and C2 for a planar oxalate ion
The C2(x) axis is retained. The ordering of the symmetry species for 
B2h has been changed to malce the table easier to follow. (Table 4.1 uses 
the conventional ordering for D^) .
4.2 ®2h.’ ^2h* 2^ an<^  o^r tBe oxalate i°n
D2h C2h
Vi A - g
v2 V
V 3 A „O
vio B 3g
V 11 L 3g
V 1 2
Vn
3u 
\  -
V 7 V 0
v5 Blu
Vs Blu
Vs B 2u
V 9 B 2u
Vl \
v 2 Ag
Vs Ag
Vn
\
Vs Ag
Vs
-V. Au - 
v 7 Au -
R
v i A 
V2 A 
vs A 
Vi* A 
Vs A
Ve A ­
v  7 A
vs B
Vg B_ - u - • - Vg B
Vio Bu Vio B
Vl 1 T> ...............— ............................u - Vi 1 B
Vi 2 Bu V 12 B
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4.2(b) Reduction of symmetry to C?h and C- for an oxalate ion2h
in chair configuration
The C2(y) axis is retained
D2h J2h C.1
Va Ag
V2 A,
v3 A 
V7 B 
Vi o B^
2g"
3g 
vu B3
Ve B 
V9 B
2u
2u
v. Au 
v5 Blu
V5 Blu
Vl 2 BOU Vi 2 B -
Vl Ag
v2 Ag
V3 Ag
Vi* Ag
V5 Ag
v6 Ag
V? Au
Va Au
V9 Au
Vl 0 Au
vu Au
V i 2 Au
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The following correlation for oxalic acid is based on a planar 
molecule, with the yz plane as the molecular plane and the x axis 
perpendicular to the plane. For convenience, BCT has been listed after Bu 
under and Cg and ordering has been arranged for ease of reading.
4.3 C ^ , C2, Cs and C-^ for oxalic acid
J2h
V 2 A’--- Vi A' K
V 3 A'--- v2 A
v5 A»--- v3 Ag
V7 A’--- Vi* As
V9 A'--- V5 As
V 1 2 A' ---Vs Ag
Vl 3 A’--- V? Ag
Vltt A"----- . V 8 A-U
V J 6 A”--- V 9 A*
Vl 8 A”--- Vio Au
Vx A< _ Vl 3 Bu
Vl* A '--- Vii* Eu
Vs A' - -- Vl 5 B.,a
v8 A'---- Vis Bu
Vio A’ --- V 1 7 Bu
V n A1--- Vis Bu
Vl 5 A "--- Vl 1 Bg
Vl 7 A"--- - - Vl 2 Bg
Vl A --- v 2 A
v 2 A v 3 A
v 3 A --- ..............v 5 A
Vi* A ---... ■■ ' V7 A
V5 A --- V>9 A
Vs A --- Vu A
V? A --- Vii* A
Vb A --- Vl 5 A
V9 A --- ..... Vis A
Vio A --- V1 8 A
Vi i B " Vl A
V 1 2 B — . .. Vi( A
V l 3 B --- ' ' ... Vs A
Vii* B ' V8 A
V 1 5 B — “ V1 o A
Vis B --- V1 2 A
V 'l 7 B - -- ' Vl 3 A
Vl 8 B ---" . V17 A
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APPENDIX 5
The possible interactions of the C-0 stretching 
vibrations of ions with two C02 groups, and the 
consequences of accidental degeneracy
Two types of stretching vibration are possible for an isolated C02 
group, the first when both oxygen atoms move in phase and the second 
when the oxygen atoms move out of phase:
/ °
' \  ^cxX  x oN.
In phase Out of phase
If an ion contains two C02 groups, then it is possible for the 
stretching vibrations of the two C02 groups to become coupled in four 
ways:
X  X  X  f XX ...
-^Q ^ 0
II
0 -  J 3  .0
V  ......
0 '  ^ * X0 0 *  0
III IV
Ix the ion is very large and the C02 groups are well separated, 
then they may act independently, but the closer they approach each other 
the stronger will be the coupling between them. Various degrees of
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of coupling are possible:
e
e
d
' c + d
 .
Uncoupled Increasing coupling
1 2  3 4
At stage 1 the two C02 groups are acting independently, and the 
spectrum would show only two C-0 stretching vibrations at the frequencies 
found for an isolated C02 group * At stage 2 some coupling has occurred 
and the degeneracy has been removed so that four C-0 stretching 
vibrations are predicted. At stage 3 the coupling is such that two levels 
have become accidentally degenerate, and only three stretching C-0 
vibrations would be observed. When the coupling is stronger, stage 4, 
four vibrations are again predicted, but unlike stage 2 !c’ will now have 
a higher frequency than !d’. "
The oxalate ion is a case where two C02 groups are joined directly, 
and so considerable coupling is expected. The symmetries and activities 
of the vibrations indicated by I to IV may be considered for the possible 
symmetries of the oxalate ion, when all four vibrations at different 
frequencies and also when two levels become degenerate.
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Hie symmetries and activities of vibrations I to IV for the oxalate ion
Point
group I
Symmetry and activity 
II III IV
No
accidental
degeneracy
One case of
accidental
degeneracy
°2h Ag B,3g Bo2u Bnlu 2R,2IR 1R(P), HR, 1 (R+IR) or
R R IR IR 1R(DP) ,HR,1 (R+IR)
DoU A B3 B2 B1 1R,3(R+IR) 3 (R+IR) 
or
R (R+IR) (R+IR) (R+IR) 1R(P) ,2 (R+IR)
D2d A1 E B2 1R,2(R+IR) 1R(P) ,1(R+IR) 
or
R (R+IR) (R+IR) 2 (R+IR)
C2h Ag Ag
T1
JDu Bu 2R,2IR 1R(P) , HR,1 (R+IR)
Planar R R IR IR
C2h Ag Bg Au Bu 2R,2IR 1R(DP) , HR, 1 (R+IR)
Chair
R R IR IR
or
1R(P), HR, 1 (R+IR)
C2 A A B B 4 (R+IR) 3(R+IR)
R+IR R+IR R+IR R+IR
Ci Ag Ag Au Au 2R,2IR 1R(P) , HR, 1 (R+IR)
R R IR IR
The above table shows that for and (chair) with one case of 
accidental degeneracy, the Raman band may be polarized or depolarized 
depending on which two levels become degenerate. For D£ and when 
two levels are degenerate, either all the vibrations become IR and Raman 
active or one of the bands appears in the Raman spectrum only.
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For the oxalate ion in solution, the assignment of three C-0 
stretching vibrations, one Raman active and two IR and Raman active, can 
be explained by symmetry with no accidental degeneracy or D2 symmetry 
with two levels accidentally degenerate. It is reasonable to expect that 
bands II and III, under D2 symmetry could be an accidentally degenerate 
pair, since, if can be considered to be the limit of D2, i.e. when 
the dihedral angle becomes 90°, the accidental degeneracy under D2 
becomes a necessary degeneracy under D2j. Conversely, the nearer to 
symmetry, i.e. the smaller the dihedral angle, the more likely that the 
vibrations II and III would be at different frequencies. In solution the 
three bands are observed at 1573 and 1306 in the IR and Raman and at 1488 
in the Raman. It is possible to draw a. rough approximation of the effect 
of the interaction of the two C02 groups on each other, if it is assumed 
that the perturbation of the isolated energy levels has been symmetrical:
Two isolated C02 groups Two interacting C02 groups
//
1573 IR + R
1488 R
1440  < \
\ NXX
X
\
X
NXXXX s   1306 IR + R
Calculated Observed
Hie generally accepted range for a single C02 group (5 5b) ps 1550­
1650 for the asymmetric stretch and 1360-1440 for the symmetric stretch.
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These values and those shorn in the above drawing indicate the symmetric 
vibration of the isolated C02 groups is much more perturbed than the 
asymmetric vibration.
Potassium oxalate in the crystalline state shows four bands that 
could be assigned to CO stretching vibrations, 1603 and 1446 in the Raman 
and 1585 and 1311 in the IR. The oxalate ion point group in the crystal 
is C^  rather than D?^  because the two C02 groups are in parallel planes 
and there are slight inequalities in the C-0 bond lengths.
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APPENDIX 6
MINDO/5 calculations of the changes in geometry with dihedral angle 
for the oxalate ion, the acid oxalate ion and oxalic acid, and the 
heats of these conformations -
These calculations were performed by Mr T Blair, Department of 
Chenical Physics, University of Surrey.
Introduction .
It might be assumed frcm first principles that the oxalate ion, the 
acid oxalate ion and the oxalic acid molecule would be non-planar, with a 
dihedral angle of 90°, in order to minimise the repulsions of non-bonded 
atoms. However, the questions could be asked: how much more stable is 
the species with a dihedral angle of 90° compared with the planar species; 
how does the stabilization achieved from a 90° dihedral angle compare with 
the stabilization from intramolecular hydrogen bonding possible for other 
dihedral angles; and how does solvation affect the conformation of the 
species? In order to try to answer these questions the heats of formation 
of different conformers were calculated.
MINDO/3^^ is a variation of the 'Modified INDO'-MINDO m e t h o d ,
i.e. it is a semiempirical, SCF, all valence method using a linear 
combination of atomic orbitals and the zero differential overlap 
approximation. It differs frcm. its forerunners by tire precise mode of 
parameterization and the values adopted for tire parameters. The parameters 
are chosen to give the best fit between the calculated and experimental 
heats of formation of molecules. Molecular geometries are calculated by 
systematically varying the internal coordinates until a minimum energy 
point is found. Also, net atomic charges and bond orders can be 
calculated.
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(a) The oxalate ion
The initial oxalate ion geometry used was based on data obtained 
from crystal studies. Because of the possibility of several local
minima existing in the hyperspace defined by the internal coordinates 
of the atoms of the molecule, all possible symmetries were considered 
and each was taken as the starting point for an optimisation. In all 
cases the same equilibrium geometry was obtained (to within termination 
errors).
If the general D2 constraint is applied, i.e. that all C-0 bond 
lengths are the same and the two O-C-O angles are the same, changes in 
the bond lengths and O-C-O angles of the ion can be calculated for a 
selection of dihedral angles, x. (The bond lengths and angles in the 
drawings are given to the same number of decimal places as the initial 
literature values used.) Also the net charges on each carbon atom, Qc, 
and each oxygen atom, Q , the bond order between the carbon atoms, Pcc 
(by the Boyd formulation^213-^ ), and the heat of formation, H£, can be 
obtained for these geometries.
Molecular geometry
117.22
1 5 7 4 9
Q = 0 .7 0 0  
x c
Q0 = -0 .8 5 0  
Pcc - ^
H£ = -1 0 0 .5  (lccal/mole)
Qc = 0.707 
Qq = -0.854
P c c  -  i . o 8
= -103.5
x = 60
0.724
Qq = -0.862
’c c  *  1 - 0 .
H£ = -109.7
T ' — 90
115.66
1.5425
’■3*’36
Qc = 0.732 
Qq = -0.866
cc 1 . 0 s
Hf = -112.9
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The results above show a shortening of the C-C bond length and an 
opening of the O-C-O angle as the dihedral angle is increased, as would 
be expected to minimise the repulsion between the oxygen atoms. The bond 
orders show a high negative correlation with the C-C bond length.
(b) Hie acid oxalate ion
In a similar manner to that described above for the oxalate ion, the 
equilibrium geometry was found to occur when the dihedral angle was 90°. 
(Planar C-COO and C-CGGH groups were assumed.). The results for a 
selection of geometries are:
Ion geometry Charge distribution
A °t  =  0
-.72
H.c - -207.1 (kcal/mole) 
x= 30°
Hr = -209 .7  
—±------------------- —
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x = 6 0 °
- .6 4
Hf * -215.1 
T = 9 0 °
•6 5
Hf = -217.9
(c) The oxalic acid moleculs
The equilibrium gecsnetry' for the oxalic acid molecule was found to 
have two planar C-COQH groups at right angles to each other. For a planar 
molecule two local minima were found, (I) with the hydrogen atoms towards 
each other, and (H) with the hydrogen atoms away from each other:
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C n )
Hf « -184o4 Hf = -174.5
Since the conformation, (II), is about 10 kcal/mole more stable for the 
planar molecule and the rotation from planar would be expected to weaken 
the intramolecular hydrogen bonds that stabilize (I), further calculations 
were made for the comormer (II) only. The heats of formation were 
calculated for the type (II) conformation at 10° intervals of the dihedral 
angle j as shown in the diagram (see p. 633) . The geometries and charge 
distributions were calculated at 30° intervals:
x = 0°
H g = -184.4 (kcal/mole)
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x = 30°
Hf = -186.8
x = 60°
Hf = -191.3
t = 90°
Hf = -193.4
r = 120°
Il£ = 190.6
- 633 -
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- . 5 3
x = 150
H , = -186 .1  
—r ----------------------
-.51
r = 180'o
Hf  = -183.
Whilst it is not surprising that the lowest energy conformation of 
the oxalate ion and the acid oxalate ion are those with a dihedral angle 
of 90°, it is rather surprising that this should be found for the oxalic 
acid molecule. Spectroscopy^77  ^ and electron diffraction^214  ^have 
indicated that the oxalic acio. molecule in the gaseous phase is planar, 
with a centre of symmetry, although Stace and Oralratmanee^77'* do not 
consider that it has been clearly established that conformation (I), with 
intramolecular hydrogen bonding, occurs rather than conformer (II).
Hydration studies of the oxalate ion
The effects of placing two and four water molecules about an oxalate 
ion were investigated. Little difference was found if a rigid water 
molecule (with 0-H distance of 0.958 X and H-O-H angle of 104.45°) was used 
or variation was permitted.
111.0°
120.0°
1.54d .
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Two types of dihydration were tried, an 'end-bridged' form, (III), 
where the oxalate ion had a dihedral angle of 90°, and the equilibrium 
geometry previously calculated, and a 'side-bridged’ form, (IV), with 
the optimum geometry calculated previously for a planar oxalate ion.
(a) 'Dihydration1
/ . * 
i  \
$ '
(III) (IV)
For the conformer (III), both of the -C02*H20 groups are planar, but 
in planes at 90° to each other, and (IV) has all of the atoms in one 
plane initially. An initial hydrogen bond distance of 2.5 ?\ was used 
in both cases. Tne following tables show the results obtained for 
the equilibrium geometries, net charges of centres, interatomic distances 
and interaction energies for (III) and (IV) .
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Cartesian coordinates and net charges of centres, Q, for conformer (III)--- ~ ---- , x> --------------- ------ * ^
Centre xcft Y(ft zcft Q
Ca 0.0 0.0 0.0 +0.73 •
1.54 0.0 0.0 +0.73
Oxalate
ion
D
°b 2.09 1.15 0.0 -0.87
°b ' 2.09 -1.15 -0.01 -0.86
°a -0.55 -0.02 -1.15 -0.87
°a> -0.55 0.03 1.14 -0.86
First X 0.85 -1.62 -3.78 +0.29
water °1 1.53 -2.25 -4.01 -0.57molecule Hr 2.02 -2.29 -3.19 +0.29
Second H2 0.21 4.02 0.30 +0.29
water 07 -0.62 4.37 0.59 -0.57
molecule b<
H2’ -1.12 3.58 0.76 +0.28
Water/oxalate ion interatomic distance matrix
Ca °b °b °b’ °a 20 , a’
H1 4.20 4.17 4.84 3.99 3.38 5.38
V 4.84 4.59 5.28 4.17 4.17 6.00
Hv 4.42 3.96 4.70 3.38 3.99 .5.55
4.04 4,25 3.44 5.51 4.36 4.15
0-, 4.46 4.92 4.26 6.18 4.73 4.38
h 2, 3.83 4.52 4.09 5.77 4.11 3.61
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Water/oxalate ion interaction energy matrix (eV)
Ca Cb °b V 0a 0 ,a'
H1 0.69 0.69 -0.72 -0.85 -0.99 -0.65
-1.20 -1.27 1.32 1.66 1.67 1.16
H1' 0.66 0.73 -0.74 -0.98 -0.86 -0.63
0.71 0.68 -0.97 -0.63 -0.79 -0.82
-1.30 -1.19 1.63 1.13 1.47 1.58
h 2, 0.74 0.64 , -0.83 -0.60 -0.83 -0.92
The heat of hydration of (III), with the two water molecules, was 
calculated to be 12.8 kcal/mole. The following sketches show the 
geometries tabulated above.
Internal coordinates of the oxalate ion, as found at 
equilibrium with two -water molecules introduced to 
conformer (III)
The dihedral angle between 
the best C-CC^ planes was 
91.6°.
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+.8
N O
}(Y planar projection o£ the 
equilibrium geometry
The Z-coordinates, rounded to 
one decimal place, are shown 
in brackets
Cartesian coordinates and net charges of centres, Q, for conformer (IV)
Centre X(ft) Y(ft Z$) Q
r* 0.0 0.0 0.0 +0.73
°h 1.54 0.0 0.0 +0.73
Oxalate 0,D 2.09 1.15 0.0 -0.86
ion . °h- 2.09 -1.15 -0.00 -0.87
°a -0.55 0.01 -1.15 -0.87
°a' -0.55 -0.02 1.15 -0.86
First
water
Hi 1.61 2.92 -2.89 +0.281
°1 0.94 3.09 -3.55 -0.57molecule B p 0.26 2.48 -3.28 +0.29
Second H2 -1.11 -3.64 0.41 +0.28
water °? -0.55 -4.40 0.44 -0.57molecule H,f 0.31 -4.00 0.36 +0.29
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Internal coordinates of the oxalate ion* as found at equilibrium 
with two water molecules introduced to conformation CIV)
The dihedral angle between 
the best C-C02 planes was
90.7°.
XT Plane projection of equilibrium geometry
-3.5
-3.3
/
<■»'/
/
/
- 1.1
H.1
K
\
\
The Z-coordinates* rounded 
to one decimal place, are 
shown in brackets.
r'.io
f
I
/ r
/
+.4
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Water/oxalate ion interatomic distance matrix (A) for (IV)
Ca °b °b °b- °a °a'
H1 4.41 4.11 3.42 5.01 4.01 5.44
°1 4.79 4.74 4.20 5.64 4.17 5.82
Hv 4.12 4.31 3.99 5.22 3.36 5.14
3.83 4.52 5.77 4.08 4.01 3.73
4.46 4.89 6.16 4.21 4.69 4.44
H2’ 4.03 4.20 5.46 3.38 4.37 4.15
Water/oxalate ion interaction energy matrix (eV)
Ca Cb °b °b! °a °a*
H1 0.65 0.70 -0.97 -0.69 -0.85 -0.63
°i -1.21 -1.23 1.65 1.24 1.67 1.20
HV 0.70 0.68 -0.86 -0.67 -1.00 -0.68
H? 0.74 0.64 -0.60 -0.83 -0.84 -0.89
-1.29 -1.19 1.14 1.64 1.49 1.55
H2, 0.72 0.70 -0.64 -0.99 -0.80 -0.83
The heat of hydration of (IV) , with two water molecules, was 
calculated to be 12.8 kcal/mole. . .
The initial model ( I I I )  is very different from (IV) , but the above 
results show that the equilibrium geometry of both, with two water 
molecules, is very similar. For both,the dihedral angle is less than 
two degrees different from that calculated for the isolated ion, and the 
heats of hydration are very close. Tire equilibrium geometry for (IV) is 
almost a mirror image, in tire XZ plane, of that obtained for (III) .
The 0....0 distances between the water molecules and the oxalate 
ion are longer (-3.4 A) than what would usually be regarded as a hydrogen
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bond length for an 0-H....0 hydrogen bond. In both cases the equilibrium
point wavefunctions are almost completely localized, i.e. for a molecular
orbital y- = E c .<i> , with coefficients c which are non-zero for Ai  y y i  y ’ y i ’
atomic orbitals y, centred on the atoms of one molecular unit, has all 
other coefficients equal to zero, so that the centre-centre interaction 
energies, as shown in the matrices, are largely coulombic, rather than
e
covalent. The matrices show that the largest negative centre-centre 
interactions were between the water oxygen atoms and the oxalate carbon 
atoms.
(b) 1Tetrahydration1
The four w ater molecules were introduced about the oxalate ion 
indicated below. The initial oxalate ion geometry was that calculated 
previously for the isolated ion at equilibrium, i.e. a 90° dihedral 
angle. Since it had been found that the largest negative interaction 
for 'dihydration' was coulombic between the water oxygen atoms and the 
oxalate carbons, the starting point was devised to concentrate on the 
coulombic interaction rather than on 0-H....0 hydrogen bonding. The 
H-H vectors of the water molecules were arranged perpendicular to the
C-C bond, with the H-O-H angle bisector perpendicular to the C-C07.... .... ... ^
planes and passing through the carbon atoms. The initial ’water oxygen 
to carbon distance was 3.0 1
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Initial geometry for the
'tetrahydrated' oxalate ion, (V)
Cax tesian coordinates and net charges of centres for equilibrium geometry of (V) ~ ~ ------------------------------------
Centre x $ ) Y(a ) INI /-V Q
Ca 0.0 0.0 0.0 +0.73
1.54 0.0 0.0 +0.73
Oxalate °b 2.09 1.15 0.0 -0.86
ion
° b ’
2.09 -1.15 0 . 0 0 -0.87
°a -0.55 0.01 1.15 -0.87
° a 1
-0.55 -0.01 -1.15 -0.86
First H1 -2.17 3,16 -0.75 +0.28
water °1
H l *
-2.42 3.65 0.02 -0.56molecule -2.08 3.10 0.72 +0.29
Second H2 -2.06 -3.04 1.24 +0.28
water °2 -2.37 -3.68 0.61 -0.56molecule
h 2, -2.02 -3.33 -0.21 +0.28
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Cartesian coordinates and net charges of centres for equilibrium
geometry of (V) (Cont)
Centre X  /—, Y(ft z(ft Q
Third H3 4.14 -0.78 2.75 +0.28
water °3 4.53 -0.04 3.21 -0.57molecule h 3, 4.11 0.69 2.77 +0.28
Fourth H4 3.35 0.72 -3.35 +0.28
water °4 3.64 0.00 -3.90 +0.56molecule
H4' 3.28 -0.75 -3.44 +0 .2S
Water/oxalate ion interatomic distance matrix (?\) for
equilibrium form of (V)
Ca S  °b 0, t 0„ b1 a 0 , a’
H1 3.90 4.93 4.77 6.10 4.01 3.58
°1 4.38 5.39 5.16 6.59 4.24 4.28
H 3.80 4.82 4.66 5.99 3.47 3.94
H? 3.87 4.87 6.02 4.72. 3.41 4.14
0, 4.42 5.40 6.60 5.16 4.15 4.45
H „ 3.90 4.88 6.08 4.66 3.90 3.75
H, 5.03 3.87 3.94 3.45 5,02 6.15
5.55 4.39 4.20 4.18 5.48 6.69
Hv 5.00 3.84 3.46 3.89 4.98 6.13
»4 4.79 3.88 3.61 4.04 6.00 4.54
°4 5.34 4.43 4.35 . 4.35 6.56 5.02
h 4, 4.81 3.93 4.10 3.66 6.03 4.53
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Water/oxalate ion interaction matrix (eV)
Ca °b °b' 0a °a'
H1 0.72 0.58 -0.71 -0.56 -0.83 -0.91
°1 -1.31 -1.08 1.34 1.06 1.62 1.60
Hr 0.76 0.61 -0.74 -0.59 -0.97 -0.87
H? 0.74 0.60 -0,58 -0.73 -0.98 -0.82
-1.30 -1.07 1.05 1.34 1.65 1.54
H?' 0.72 0.59 -0.56 -0.73 -0.86 -0.88
H, 0.57 0.73 -0,85 -0.96 -0.68 -0.56
o, -1.05 -1.31 1.63 1.65 1.27 1.04
H3 * 0,58 0.74 -0.96 -0.87 -0.69 -0.57
«4 0.60 0.74 -0.92 -0.84 -0.58 -0.75
°4 -1.08 -1.29 1.57 1.57 1.06 1.37
^4* 0.59 0.72 -0.82 -0.91 -0.57 -0.75
The heat of hydration for (V) was calculated to be 24.1 kcal/mole.
Internal coordinates of the oxalate ion, as found at 
equilibrium with four water molecules introduced to 
conformer (V)
The dihedral angle 
between the best C-CO 
planes was 89.4
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XY planar projection of the equilibrium geometry
//•*
>!
. . .  h  
'  0  
.12 1 1 
&
/ / -.2
Hie Z-coordinates, 
rounded to one decimal 
place, are shown in 
brackets. .
In the equilibrium geometry the four water molecules were found to 
have rotated from their original positions so that the hydrogen atoms point 
towards the oxalate oxygen atoms. As in the previous case with two water 
molecules, the 0...0 distances between the water molecules and the oxalate 
ion are longer than would be expected for the hydrogen bond. The double 
end bridging with the four water molecules contrasts with the side-bridging 
found for the ion with two water molecules. The heat of hydration is
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slightly less than twice that of the ion with two water molecules.
Hie reason for the very long equilibrium separation of the water 
molecules and the oxalate ion may arise from the form of the MINDO/3 
approximation. MINDO/3 was parameterized partly on considerations of 
equilibrium geometries, but these were of individual molecules and 
possibly MINDO/3 does not handle intermolecular interactions very well. 
However, the inability of the theoretical hydration to produce a 
significant variation in the oxalate ion equilibrium is considered to 
have physical significance. Also, the qualitative nature of the water 
distributions about the ion are believed to be valid.
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APPENDIX 7 
Factor group analysis
Factor group analysis was carried out using the correlation method 
described by Fateley et al/21°^  Lattice translational vibrations transform 
in the same way as the translations of the site group. These species of the 
site group can be correlated with the factor group to find which species of 
the crystal symmetry group contain the lattice translational vibrations. 
Similarly the librations transform in the same way as the rotations of the 
site group. The intramolecular vibrations can be correlated to the site 
symmetry and then to the factor group.
Abbreviations and equations
t"Y = number of translations in a site species y i
pj = number of rotations in the site species y ;
= number of intramolecular vibrations of molecular point group 
species <5;
fY = degrees of vibrational freedom present in each site species y 
for an equivalent set of n atoms, ions or molecules,
i.e.
fY = t'Y.n;
fp - degrees of rotational freedom present for each species y for 
an equivalent set of ions or molecules,
i.e.
f^ = RX.n;
fY = a . f i e  (1)
y % 5
where
a^ = degrees of freedom contributed by each site species y to a 
factor group species g;
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Cg = the degeneracy of the species 6 of the molecular point group.
Eqn. (1) above shows that the degrees of freedom in the site are 
equal to the degrees of freedom in the factor group for each equivalent 
set of atoms, ions or molecules. It is necessary to subtract the three 
acoustical modes from the total irreducible representation of the crystal 
given by this procedure.
Cj. = the degeneracy of the species £ of the factor group;
Lithium oxalate
Space group P2j/n (C^)
Formula units in the primitive cell:: 2 (Z = 2)
j Cz^ it ^Site symmetry: Li^  C, ; 20ij2 C,
Translational lattice vibrations
T ’ *Lx
fY t^ site species, y  factor group c? a,- = a = a.
species, E, ^
__________________ S ____________________ S i ______________________________
A 1 3g
B_ 1 3
12
A 1 3u
B 1 3u
C20Wlt
f t  f t  site species, y factor group 
species, £
ar = a = a.K y a.u
Ci J2h
Au
B.u
1
1
3
3
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Librations
C20„ 2 -
rY site species, y
C.
i
factor group 
species, £
C 2 h
a£ " ay = aAg
A.g
B
1
1
3
3
Intramolecular vibrations
C202
f ^
M u
molecular 
sym. 
species 
‘ 6
D
2 h
site
species
C.
i
factor
group
species
£
a- C2h
a^. =
aY
aA + aA u
6 3
2  1  
4 2
1
1
6
6
6
6
2 1  
4 2
4 2
2  1
I T
. Au
"Bu
6
6
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Summary
Crystal
symmetry
C2h
Trans.
lattice
vibrations
Librations
Intra­
molecular
vibrations
Acous­
tical
Total
optical Activity
Ag 3 3 6 12 x2, y2, z2, xy
Bg 3 3 6 12 xz, yz
Au 5 6 I 11 z
Bu 4 6 2 10 x, y
Sodium oxalate
Sodium oxalate is isomorphous with lithium oxalate, so the number and 
activity o£ IR and Raman bands is the same.
Potassium oxalate monohydrate 
Space group:
Formula units in the primitive cell:
Site symmetry:
Translational lattice vibrations 
£
£*' t* site species, y  5> factor group c,_ a~ -  a = a.
species, £ Y
3
3
3
3
C2/c (C|hD 
2 (Z = 4)
K+ Cv  C201(2” Ci> H20 C2
- 651 -
c 2o„2"
£Y t Y site species, y — 
Ci
— *- factor group 
species, £
C2h
C5
iiW'
ctf ii
/
6 3 A r----—' """
_ ___ __ A■— ‘ u 1 3
u —-— — —- ----  gu 1 3
H20
fY tY site species, y —  
C2
---^factor group
species, £
C2h
C? ^  = r-aA
a
- A
2  1  
4 2
Librations 
Cj0>2'
fn R site species, y
Ag ~  I 3
E g  1  3
factor group c? ar = a = 
species, £  ^ ** ' g
C2h
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H20
4  r Y
site species, y factor group 
species, E,
C2h
a
a £  r
aA + aB
2  1
4 2
1
1
1
1
1
1
2
2
1
1
Intramolecular vibrations
C,0 2 -2 Uij
molecular 
sym. ~~ 
species 
" 6
D.21i
site 
species'
Y
C.
l
factor 
'group 
species
"2h
a
Y
aA + a
Au
6
2
4
2
4
4
3
1
2
1
2
2
1
Au-
B
i u "
B u"2u
.A
’ B.u
B3u
1 6  6  
1 6  6
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h 2o
4  M6 M molecular sym. -
site 
species -
factor 
>• group cr aY\ + Vspecies species6 Y K
C2v C2 C2h
4 2 A A — -— "^ Ag
1 2 2
1
— - A x 1 2 2
2 1 T) P  —"—" -— Bg
1 1 1
9(u
■ ■
1 1 1
Summary
Crystal
symmetry
r~2h
Trans. 
lattice 
vibrations
Librations
Intra­
molecular
vibrations
Acous­
tical
Total
optical Activity
Ag 4 4 8 16 x2, y2, z2, xy
Bg 5 5 7 17 xz, yz
Au 6 1 8 1 15 z
Bu 6 2, 7 2 15 x, y
.Ammonium oxalate monohydrate
Space group: P2j.2i2 (D|)
Formula units in the primitive cell: 2 (Z = 2)
Site symmetry: NHi/ C.* CaO^2 H20
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Translational lattice modes
NHt,
fY tY site species, y 
Cn
->- factor group 
species, £
a,_ = a * a. £ Y A
12
A
B 1
B 2
Bn
1
1
1
1
3
3
3
3
CoO
f^ tY
2  1
4 2
site species, y  
Co c2 m
factor group 
species, £
D o
A
B
A
B3
1
1
1
1
ar T
1
1
2
2
aA + 8b
1
1
2
2
H,0
£Y tY
2 1
4 2
site species, y factor group
C,
A
C2(z)
species, £
D2 
 . A
B 1
B2 
b 7
1
1
1
1
1
2
2
Y
1
1
2
2
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Librations
NHi,.
fl site species, y factor group 
species, £
a = a. y A
12
1
1
1
1
3
3
C 2 O 1j
2 -
4  r Y
site species, y 
C . C9 (x)
factor group 
species, £ aAT "aB
2  1
4 2 B
1
1
1
1
1
1
2
2
1
1
2
2
H,0
4  r T
site species, y ->- factor group 
species, E,
C?(z) D,
a^. A
a Y
aA + ^
2  1
4 2 B
-B,
~B,
1
1
1
1
1
1
2
2
1
1
2
2
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Intramolecular vibrations
NIL
4 M6 molecular Site sym. ^species- 
species 
6
T .
Y
C,
factor
group
species
' Z
D„
ar = a = a. 
Z Y A
4 1 1
8  1 2  
24 2 3
A
•p
F->
1
1
1
1
9
9
9
9
C20i,
M M molecular site sym. *" 
snecies 
‘ 6
sp ec ie s  
Y
C2 (r)  C2 (x)
xactor
group
species
Z
a ,
2 h
Y
aA + aB
6 3
Ag -
4 2 B3g
2 1 Au
2 1 B3u
2 1 B2g
4 2 B,iu
4 2 2u
5
5
5
5
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H20
molecular site factor
sym. species- ^ group
species species
<5 y K
C,(z)
a
=  r
aA + aB
J2 v
D,
4 2
2  1
-A 1 2
B1 1 2
B2 1 1
B3 1 1
1
1
Summary
Crystal
svmmetry
2
Trans.
lattice
vibrations
Librations
Intra­
molecular
vibrations
Acous­
tical
Total
optical Activity
A 5 5 18 28 x2* y2» z2
B1 5 6 16 1 27 z , yx
B2 6 7 15 1 28 •\r  / ? xz
B3 5 6 17 1 28 x3 yz
Calcium oxalate monohydrate
Space group: P2i/c (C®h)
Formula units in the primitive cell: 3 (2 = 8)
24* 2 —Site symmetry: Ca C-,, C ^  C^? H20 C^
For each of the above species two distinct sites of C^(4) are occupied.
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Translational lattice vibrations
2 ^Ca at one set of sites
f^ tY site species, y ->- factor group 
species, E,
J2h
12 3 A
1
1
1
1
3
3
3
3
Two sets of C^(4) sites are occupied. Hie second set of sites gives 
rise to the same result as above, so the total number of translational 
lattice vibrations due to the eight Ca2+ is:
6 Ag 6  B 6 A u 6 B.u
2 -
The C20it" ions occupy two sets of C,(4) sites, and the same result
is obtained as for the Ca2 5 ions
6  A . 6 B„ 6 A. 6 B,u
H,0
The H2O molecules occupy two sets of (4) sites, and the same 
result is again obtained:
6 A„ 6 B 6 A  6 B g g u u
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Librations
2 -C2O4 at one set of sites
f^ site species, y ->- factor group 
species, £ a£ " ay “ aA
J2h
1 2  3
1
1
1
1
3
3
3
3
The second set of sites gives the same result. The total number of
2-librational modes due to the C20  ^ are:
6 A. 6 B 6 Au 6 B.u
H20
The same result is obtained as for the C9Ghz ions2 ’-'it
6 A 6 B 6 A 6 B g g u u
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Intramolecular vibrations
2 -CgOit at one set of sites
4  M<s
molecular site 
sym. species"
species 
6
D.
2 h
Y
C„
factor
"group
species
J2 h
3.-. 3- •— 9-a£ Y A
12
4
8
4
8
8
4
3
1
2
1
2
2
1
1
1
1
1
12
12
12
12
Hie same result is obtained for the second set of C^(4) sites, giving 
a total of:
24 Ag 24 Bg u 24 Bu
H2O at one set of sites
8 2 
4 1
molecular 
sym. ' 
species 
'  6
C2v
B .
site 
'species'
Y
r
factor
‘group
species
c .2h
1
1
1
1
a = aA Y A
3
3
3
3
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The same result is obtained for the second set of 0^(4) sites, giving
a total of:
6 Ag 6 Bg 6 A  6 BU
Summary
Crystal
symmetry
r>
u2h
Trans. 
lattice 
vibrations
Librations
Intra­
molecular
vibrations
Acous­
tical
Total
optical Activity
Ag 18 12 30 60 x2, y2, z2, xy
Bg 18 12 30 60 xz, yz
Au 17 12 30 1 59 z
Bu 16 12 30 2 58 x, y
Potassium hydrogen oxalate
Space group: P2x/c (C^)
Formula units in the primitive cell: 4 (Z = 4)
«■»Site symmetry: K C^, H C ^
•Translational lattice modes
K
fY t^ site species, y 
C,
factor group 
species, %
C 2 h
a = aA 
Y A
12 3
g
\
Bu
Bg
1
1
1
1
3
3
3
3
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H C 2 0 ^
f^ site species, y
C,
factor group 
species, E,
C 2 h
cl>- ~~ cl ~ 3.£ y A
12 3
A s
B,g
Au
B.u
1
1
1
1
3
3
3
3
Librations
HC20v
r7 site species. Y  ^ factor group
species, E,
C -712 h
^  3- — ci a£ y A
12 3 A
1
1
1
1
3
3
3
Intramolecular vibrations
HC20u
f M
molecular sice 
sym. '"species 
species 
6
C (planar)
Vi
C-,
factor
group
species
?
C 2 h
a,_ = a = aA c, y A
44 11
16 4
1
1
1
1
15
15
15
15
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Suirmary
Crystal
symmetry
2h
Trans.
lattice
vibrations
Librations
Intra­
molecular
vibrations
Acous­
tical
Total
optical Activity
Ag
Bg
Au
6
6
5
3
3
3
15
15
15 1
24
24
23
x2, y2, z2, xy 
xz, yz 
z
Bu 4 3 15 2 22 x, y
Sodium hydrogen oxalate monohydrate 
Space group:
Formula units in the primitive cell: 
Site symmetry:
Translational lattice vibrations
t^ 1 site species, y  factor group cr ar = a = a.
species. £ b <; Y
H C z O r
■The site symmetry is and the same result is obtained as for the Na
ions:
P I  ( C p  
2 (Z = 2)
Na+ Cp  HCgOi*" C-,, H20 C±
3 Ag  3 Au
664
H20
The site symmetry is again and the same result is obtained as for
the Na ions:
3 A__ 3 Ag u
Librations
HC20 , ‘
fY  pY 
R R site species, y  
Ch
factor group 
species j E,
C.
l
a £ ay  aA
6 3 A
Ag
u
1
i
3
3
H20
The site symmetry is and the same result is obtained as for the
HC-jOu. ions:
Intramolecular vibrations
K C 2 0,
molecular
sym,
species
6
Cs (planar)
site
'species
Y
CL
factor
group
species
C­
l
a £ ay  aA
22 11 
8 4
1
1
15
15
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HoO
f 5  M5 M molecular site factorsym. ^ species group 
species species
6 Y K
J2 v
C-
x
s.*. ~~ 3- — a.A 5 Y A
4 2
2  1 B,
1
1
3
3
Summary
Crystal Trans,
symmetry lattice
C.
x
vibrations
Intra- 
Librations molecular 
vibrations
Acous­
tical
Total
optical Activity
g
Au
18
18
33
30
x2, y2, z2 
xy, yz, xz
x, y, z
Lithium hydrogen oxalate monohydrate 
Space group:
Formula units in the primitive cell: 
Site symmetry:
PI (Cj)
1  ( Z  =  1 )
Li+ Cj, HC204” Cj, H20 Cj
Since there is only one formula unit in the primitive cell, and for 
each of the species the site symmetry and factor group overall are both 
Cj, the solution is trivial.
Summary
Intra-Crystal Trans. Acous-
symmetry lattice Librations molecular -tical
vibrations vibrations
Total
optical Activity
A 18 30 x,y,x,x2,y2,z2
xy-, yz, xz
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Sketches to show the symmetry of the normal modes 
of a hypothetical X2 Yi* molecule
APPENDIX 8
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APPENDIX 9
A suggested space group for anhydrous 
potassium oxalate, Phase II
Higashiyama and Hasegawa^^) studied the differential thermal analysis 
of potassium oxalate. Three phases were identified. Phase II was stable 
below 381°C and the X-ray powder pattern could be indexed assuming it to 
have an orthorhombic unit cell with the cell constants, .
a = 10.90 b = 6.11 c = 3.44 A (at 17°C) Z - 2
The X-ray powder pattern obtained when I dehydrated potassium oxalate 
monohydrate, below 200°C, showed that the dehydrated material could be 
identified as phase II. The IR spectrum was very similar to those obtained 
for the anhydrous sodium and lithium oxalates. The IR bands at about 768 
and. 1311 were split and the Raman band at about 870 was not found in the 
IR spectrum. The general pattern of IR and Raman bands was unlike those 
of calcium and ammonium oxalate monohydrates. From this spectral 
it was deduced that a centre of symmetry was retained in the site and 
factor groups of phase II, and the factor group symmetry was such that, 
for Z = 2, the totally symmetric band was forbidden in the IR and factor 
group splitting could be observed in the IR. It is also possible that the 
splitting could be caused by the two oxalate ions being accommodated at 
crystallographically distinct sites.
There are 59 orthorhombic space groups. The requirement of Z = 2 
enables 32 groups to be eliminated since the accommodation number 
requirement of their sites are not possible, i.e. P212121, C222i, F222, 
I2i2i2i, Pca21, Pna2j, Cmc2i, Ccc2, Abm2, Ama2, Aba2, Fmm2, Fdd2, Iba2, 
Ima2, Pnna, Pcca, Pccn, Pbcm, Pbcn, Pbca, Pnma, Cmcm, Cmca, Cccm, Cmma, 
Ccca, Fmmm, Fddd, Ibam, Ibca, Imma.
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The remaining space groups, the sites with accommodation numbers of 
one or two, must belong to a space group where the totally symmetric 
vibration, under the point group of the factor group is IR forbidden.
This eliminates the space groups P222i, P2i2i2 , Pmm2, Pmc2i, Pcc2, Pma2, 
Pnc2, Pmn2i, Pba2, Pnn2, Cmm2, Amm2, Imm2, Pmmn. The C2 sites of P222 
and the C2V sites of Pmmm and Pmma are also eliminated.
The condition of a centre of symmetry being retained in the site and 
factor groups eliminates the space groups P222, C222, 1222, Pnnn, Pban 
and the D2 sites of Pccm.
The above considerations eliminate 51 of the 59 orthorhombic space 
groups. Those remaining are Pmmm with D2k (1) sites, Pccm, Pmma, Pmna, 
Pbarn and Pnnm with C9^  sites, and Cmrnm and Immm with sites. The C 
and I Bravais lattices in the orthorhombic system are twice the primitive 
cell, so that as factor group analysis uses the primitive cell, these 
space groups could not give rise to the observed IR band splitting. 
Examination of the systematic absences are necessary to choose between the 
six remaining possible space groups.
An attempt to find the space group can also be made without reference 
to the spectroscopic results. The data obtained from a powder photograph 
taken on a Guinier focussing camera were indexed with the method proposed 
by De Wolff and programmed by V i s s e r . T h i s  showed phase II to be 
orthorhombic, with the unit cell dimensions,
a = 10.919 b = 6.123 c = 3.441
The Bravais lattice was found to be primitive, with Z = 2 Eighteen
out of the first twenty lines were indexed, with a high figure of merit
(27.3). This unit cell agrees well with the results of Higashiyama and 
Hasegawa.
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The lines indexed were:
002
111
120
121
130
201
210
211
230
310
311
330
400
401 
410
420
600
610
Systematic absences of h0£ occurred when h = 2n+l. This indicated an 
a-glide perpendicular to b. The lines indexed also indicated that there 
was no glide perpendicular toe.
The conditions that Z = 2, a primitive Bravais lattice, and that 
there is an a-glide perpendicular to b but no glide planes perpendicular 
to c, enables all except the following space groups to be eliminated:
For Pma2 the oxalate ion would have a site symmetry of C or C? and for .
S  L*
Pba2 a site symmetry of C^. In both these cases the crystal symmetry is 
Cjy. For Pbam the oxalate ion site symmetry would be , with the oxalate 
ions at special positions.
For Pmma, the site symmetry would be either C^v or C ^ . For Pmc2i 
the the site symmetry would be Cg. If the site symmetry retains the centre 
of symmetry, only Pbam and Pmma, with the oxalate ion at sites, are 
possible. The reflections 110, 200 and 001 are also absent, For the Pmma 
space, group (in the setting Pmam) these would have to be accidental absences 
but they are necessary absences for Pbam. Hie choice of Pbam, rather than 
Pmma, requires far fewer accidental absences and is therefore more likely 
to be correct.
Pma2 Pba2 Pbam in standard setting;
Pmc2i
Pmma in non-standard setting acb as Pmam 
in non-standard setting cba as P2iam
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If the spectroscopic and crystallographic evidence is considered, 
the most likely space group is Pbam.
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The potential function for torsional oscillationsinvolving n 
identical potential minima can be assumed to have the cosine form,
V
V = —  (1-cos nx)
2
where x is the torsional angle, n the number of minima and VQ the height 
of the potential barrier separating the minima. If the potential barrier 
is high, so that only one potential minimum needs to be considered, then 
it approximates to the harmonic oscillator with energy levels given by
G(vt) = w t(vt + i )
■ APPENDIX 10
Calculation of the torsional frequency of the oxalate ion
The torsional frequency, w is determined by
« t  -  n
/VJLA„
O 1 L
A
A-^  and A^ are the rotational constants corresponding to the moments of 
Inertia 1^  and I2 of the two parts carrying out torsional motion with 
respect to each other. A is the rotational constant corresponding to 
tlie moment of inertia I of the whole ion about the torsional axis
(I " II * V *
For the oxalate ion, the torsional axis is along the C-C bond, and 
the C02 groups are undergoing torsional motion with respect to each 
other. Consequently, A^ = and the formula reduces to
= 2n J v A
The barrier is two-fold, so n = 2.
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MINDO/3 calculations (see p.627) have shown that for an isolated 
oxalate ion, using the initial bond lengths and angles associated with 
the oxalate ion in potassium oxalate monohydrate and permitting the 
programme to optimise the bond lengths and angles, the heat of formation, 
H p  for the planar ion is -100.5 Kcal/mole and for the ion with 
symmetry -112.9 Kcal/mole. The difference in the heat of 
formation, 12.4 Kcal/mole (= 4331.4 cm"1), can be equated with the 
potential barrier separating the two identical minima when x = 90° and 
when x = 270°. When x = 0°, the MINDO/3 pi'ogramme found the energy 
minimum to correspond to a geometry of 0C0 angle 125.6 and the bond 
lengths C-0 1.273 and C-C 1.575 X, whereas when x =? 90° the 0C0 angle 
was 128.7 and the bond lengths C-0 1,274 and C-C 1.542 S. Tne 
large difference in the C-C bond length does not appear in the calculations 
as the C-C bond coincides with the axis of rotation. The moment of 
inertia, I, of the whole ion about the axis of rotation is
where mQ is the mass of the oxygen atom, rQ the perpendicular distance of 
the oxygen atom from the axis of rotation. Thus the slight differences 
in the C-0 bond lengths and the OCQ angles will affect the moment of 
inertia about the axis of rotation. The torsional frequency can be 
calculated for both extreme, geometries.
For x = 0 °: I = 1.362* x 10-38 and A = 0 .2 0 5 s
For x = 90°: I = 1 .4 0 0 lt x 10 "8 and A = 0 .1 9 9 g
Hence, for x = 0 ° ,
= 4y4331.39it x 0 .205s = 119.3 cm 1
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Similarly, for x = 90°, = 117.7 cm 1.
It can be seen that the difference of about 2 cm 2 is negligible 
compared with the other assumptions made in the calculation, e.g. the 
harmonic approximation. To apply these results to the analysis of the 
observed spectra of powdered samples requires the assumption that MIND0/3 
calculations for an isolated ion can be used for the oxalate ion with a 
potential function for the torsional vibration that must be modified to 
some unknown extent by the crystalline forces. The differences in 
geometry of the oxalate ion in the compounds studied causes only minor 
variations in the torsional frequency, i.e. ranging from 124.2 for 
sodium oxalate to 119.9 for lithium oxalate if the barrier to rotation 
of 4331.4 cm 1 is assumed. The effect of the crystalline forces is 
reflected in the slight differences in the C-0 bond lengths found for 
most of the compounds, e.g. for lithium oxalate, (HI) , C-0-, is 1.264 
and C-O^ is 1.252. Such differences do not significantly alter the value 
of un obtained. Also the X-ray or neutron diffraction determined C-0 
bond lengths are invariably shorter than the MIND0/3 optimised lengths, 
but comparison of the potential barrier obtained when the programme 
optimised the bond lengths, 4331.4 cm-1, with the potential when the
bond lengths were constrained to their initial values (obtained for 
potassium oxalate monohydrate C18)-j the 0C0 angle was permitted to 
optimise, 4333.1, shows that the bond length variations involved do not 
lead to significant changes in the potential barrier.
Calculation of the torsional frequency of the acid oxalate ion
The torsional frequency of the acid oxalate ion can be calculated in 
a similar way to that of the oxalate ion if it is assumed the CC^ group
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is symmetrical with respect to a twisting about the torsional axis, and 
hence that the potential barrier can be taken as twofold. Using the 
geometry of the acid oxalate ion determined by neutron diffraction 
as the initial value, then permitting the bond lengths and angles to 
vary (see Appendix 6 ), the MINDO/3 calculations found negligible 
differences in the two C-0 bonds of the CO^- group at a dihedral angle 
of 90°. However, for the planar ion, the oxygen atom trans to the OH 
was 1.172 X from the torsional axis, whilst the cis oxygen was 1.113 S. 
from it. To calculate the moments of inertia an average of the two 
extreme geometries has been used.
As before the torsional frequency, au is determined by:
oAjAg 
A
V0 can be equated with the difference in the energy of formation of the 
planar ion and an ion with a dihedral angle of 90°. From the MINDO/3 
calculations the difference is 10.8 kcal/mole (= 3784 cm”1). Hence, 
the torsional frequency is calculated to be 113 cm 1 for an isolated 
acid oxalate ion.
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APPENDIX 11
Extracts from "Lattice Vibrations of Potassium Oxalate Monohydrate
and the Bound State of Water of Crystallization" by K.Fukushima:G 27)
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